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ABSTRACT 

Triazabutadienes are nitrogen containing compounds with interesting acid-

responsive behavior. These compounds are relatively stable, but once activated by an 

electrophile, for example through protonation, fall apart to yield diazonium and imine 

compounds. In general, diazonium compounds are unstable and require harsh methods of 

synthesis. Therefore, the use of triazabutadiene compounds as precursors to diazonium 

compounds, allows for a mild and more controlled access to this reactive moiety. This 

opens up diazonium chemistry to more complex chemical biology applications, as well as 

in the development of applications in organic synthesis.  

 In an effort to design triazabutadiene systems that release diazonium compounds in 

physiological conditions, water-soluble imidazolium-based triazabutadienes were 

synthesized by coupling N-heterocycle imidazolium carbenes to aryl azides. These 

compounds were shown to have pH-dependent reactivity, generating aryl diazonium salts 

in buffered solutions ranging from pH 4-7. This reactivity made these compounds one of 

the mildest ways of generating aryl diazonium salts in aqueous solutions. Initial stability 

and reactivity studies were performed by NMR, and by altering the sterics of the 

imidazolium core and the electronics of the phenyl group. It was determined that the rate 

and stability were influenced by the sterics and electronics of the scaffold. Electron 

withdrawing substituents on the phenyl and steric bulk on the imidazole core resulted in 

stable triazabutadienes, with the opposite being observed for the electron donating 

substituents on the phenyl and small substituents on the imidazole.  

 Water-soluble triazabutadienes were synthesized to be further utilized as chemical 

biology probes. In organic solvents, the triazabutadienes reacted with resorcinol, an 
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electron-rich phenyl group to form stable azo compounds.  In more physiologically relevant 

conditions, the triazabutadiene compound was stirred in a pH 6 phosphate/citric buffer 

solution with a tyrosine analogue and an azo adduct was isolated. This indicated it was 

possible to target tyrosine residues with a triazabutadiene delivered aryl diazonium through 

the formation of azo bonds that could be cleaved under mild reducing conditions using 

sodium dithionite.  

 In addition, the triazabutadiene compounds were found to undergo light-induced 

isomerism generating the Z isomer in solution upon irradiation. The Z isomer was observed 

to be more reactive, and would degrade even in basic solutions when irradiated with 350 

nm light. This light responsiveness was utilized to enhance the reactivity of triazabutadiene 

attached onto protein and viral surfaces, allowing the generation and capture of aryl 

diazonium salts by electron rich aryl-fluorophore conjugates as well as antibody proteins 

in the case of the virus.  

Alkyl triazabutadiene compounds were synthesized by coupling N-heterocycle 

carbenes onto alkyl azides. These compounds were then shown to be capable of delivering 

alkyl diazonium compounds to carboxylic acids for esterification. This method diversifies 

esterification from only methyl substituents, as is the case with diazomethane and TMS-

diazomethane, to larger more diverse alkyl groups. 

In conclusion, this work shows that the triazabutadiene compounds have interesting 

activity that will be vital in the development of novel probes for the study of biological 

process, as well as the development of reagents for chemical synthesis.  

 

 



. 

20 

INTRODUCTION 

1.1. Organization of dissertation 

This dissertation describes the development of the triazabutadiene functional group 

as an acid-responsive moiety in chemical biology and organic synthesis. By altering the 

electronics and sterics of the scaffold, a tunable system was developed that delivers 

diazonium compounds in a mild and controllable manner. Chapter 1 gives a review of pH 

sensitive chemical probes with different types of acid-responsive functional groups, with 

reactivity and function being compared to that of the triazabutadiene motif. The history of 

triazabutadiene chemistry including the synthesis, reactivity and stability of these 

compounds is reviewed. Lastly, a review of diazonium chemistry that includes the 

reactions of benzene diazonium salts and diazo compounds is included. Chapter 2 

describes the synthesis of water-soluble triazabutadienes and the study of effect of steric 

and electronic perturbations on stability and rate of the hydrolysis. This chapter also 

describes the effect of light on this reactivity as well as strategies employed in the 

stabilization and control of reactivity. Chapter 3 addresses the applications of the 

triazabutadiene functional group as a probe for chemical biology. It describes the utilization 

of the probe in targeting and labeling tyrosine residues and also as a crosslinker for protein-

protein interaction studies. This chapter also addresses the synthetic strategies toward the 

functional modification of the scaffold making it more accessible for various applications. 

Chapter 4 includes the preliminary results of the esterification reactions of benzoic acid 

with alkyl triazabutadiene compounds. Chapter 5 includes the experimental procedures 

employed in syntheses of all target compounds and synthetic intermediates, as well as the 

results of the kinetic and light experiments.  

CHAPTER 1
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1.2. pH Responsive probes 

Intracellular pH1 is of crucial importance in most, if not all, of a cell’s biological 

processes. Eukaryotic cells have compartmentalized organelles within the cytosol where 

the pH environment is highly regulated and maintained at different ranges to allow efficient 

function.2 Under normal physiological conditions, the extracellular pH is slightly alkaline 

at pH 7.4, but in the cell, the pH ranges from 7.2 in the cytosol to as low as 4.5 in the 

lysosome3  Some of the functions that intracellular pH regulates include cell growth, cell 

death, ion transport, and endocytosis.4  Intracellular pH is also an integral part of 

maintaining the structure and function of proteins.5 

Irregular pH is associated with diseases such as cardiac failure and stroke,3 as well 

as abnormal cell growth, leading to diseased tissues such as tumors.6 Some enveloped 

viruses route of infection of cells has been described to occur using the pH changes in the 

endocytosis pathway.7 Materials or compounds that exhibit reactivity in response to a 

change in pH, are therefore of great importance in chemical biology. The applications of 

these materials range from drug delivery systems, cross-linkers for conjugation 

chemistries, to bio-imaging agents. The type of reactivity that these materials display 

normally determines their application. The challenges in the design of these acid-

responsive materials involve their stability, solubility, and intracellular incorporation into 

the organelle under study.8  

1.2.1. Fluorescent probes 

Fluorescence microscopy is a popular technique for imaging cells due to its non-

invasive nature, sensitivity and ability for spatial and temporal observation of biological 

occurrences.4 Fluorescent probes have been widely utilized in the study of biological 
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processes, which involve a change in pH.  Design of such fluorophores involves coupling 

a pH responsive molecule or functionality to a fluorescent compound, or synthesizing a 

skeleton that exhibits fluorescence due to a change in pH. Most fluorescent probes operate 

using a photo-induced electron transfer (PET) mechanism, where a fluorescent moiety is 

linked to a receptor and fluorescence is quenched until protonation on the receptor 

disallows the PET interaction. The receptor in this model has to be electron rich in order to 

quench the single electron state of the fluorophore making aryl and alkyl amines as well as 

N-heterocycles popular receptors (Figure 1.1). These fluorophores are designed to work in 

different pH ranges and, based on structure and solubility, have different cell permeability.9 

 

Figure 1.1.  Reversible protonation of alkyl and aromatic amines 

The boron-dipyrromethene (Bodipy) (Figure 1.2) class of dyes utilize a 

fluorescence-PET mechanism.10,11 This class of dyes has been highly commercialized and 

is widely popular for bio-imaging purposes. The tunability, thermal and photochemical 

stability, and high fluorescence quantum yield are a few of the attributes that make this 

scaffold such a popular fluorescent probe motif. Due to the cell-permeable nature of the 

probes, it is possible to perform non-perturbing studies of lysosomal processes. 

Modifications of the carbon-skeleton allows the absorbance of the derivatives to span the 

visible spectrum making this scaffold versatile.10,12 



. 

23 

 

 

 

Figure 1.2. Examples of Bodipy based pH probes based on reversible N-protonation 

Phenolic moieties are also a common scaffold in probe design due to the low pKa 

of the hydroxyl group.9 Ratiometric probes allow for dual-excitation, enabling the 

measurement of fluorescence intensities for two or more excitation wavelengths, and 

reporting a ratio of these intensities. This technique is considered more accurate when 

compared to non-ratiometric methods as it is less sensitive to factors that lead to 

misinterpretation of data brought about by the inhomogeneity of samples under analysis.9,13 

Chen and co-workers designed a ratiometric Førster Resonance Energy Transfer (FRET) 

probe by coupling coumarin to rhodamine using a piperizine linker  (4, 5, Figure 1.3). In 

their design, the energy acceptor is rhodamine, which shows pH insensitive excitation and 

emission spectra. However, on a pH increase, 7-hydroxy coumarin will exhibit a red shift 

from 350 nm, which is the phenolic form of the hydroxycoumarin, to 400 nm, which is 

attributed to the deprotonated phenolate. With a ten-fold variation in intensities, this 

platform meets the requirements of a ratiometric probe. By including a photolabile group 

on the coumarin, the probe was further utilized as a photocaged ratiometric probe and was 

used to perform fluorescence microscopy on Tca-8113 cells. 13 
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Figure 1.3. Rhodamine-coumarin non-conjugated ratiometric fluorescent probe 

Other proton-induced mechanisms employed in the design of fluorophores include 

addition reactions, isomerization, and ring opening processes.14,15 These events cause or 

stop fluorescence of their attached skeleton, such as rhodamine, fluorescein, and cyanine.  

1.2.2. pH-cleavable crosslinkers 

Crosslinkers are compounds that allow chemical connectivity between two 

components. Functional groups that are hydrolyzed in physiologically relevant pH are 

important in the design of crosslinkers as they allow for acid cleavage separating the two 

components. A perfect drug delivery system involves specifically targeting diseased tissues 

and allowing internalization of cell killing compounds into the cell. This drug targeting is 

done by conjugating a directing or cell penetrating biomolecule to a drug. Upon 

internalization into the cell, a hydrolysis or reductive process decouples the two parts of 

this drug conjugate.16,17,18 Acid sensitive groups have been used to conjugate drugs to 

biomolecules where the drug delivery system gets endocytosed by way of the acidic 

endosome or lysosome environment.19 ,20 
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The hydrazone functional group is relatively stable at physiological pH and gets 

hydrolyzed at ~pH 5. This functionality was utilized for in the synthesis of the first 

antibody-drug conjugate (ADC) systems utilized in cancer therapeutics.21,22 BR96-

doxorubicin system 6  (Figure 1.4) was developed by attaching the drug to hinge cysteines 

on the antibody, which targeted the anti-Lewisy tetrasaccharide commonly expressed on 

the tumor cells. Drug release occurred due to hydrazone hydrolysis in the acidic endosomal 

and lysosomal vesicles. There was initial successes in curing mice and rat tumors,22 as well 

as phase I trials where the conjugate delivered the drug to tumor cells with low serum levels 

of doxorubicin.23 A subsequent randomized phase II trial however led to a discovery of 

normal tissue sensitivity to the antibody and low molar potency limiting further 

development of this particular immunoconjugate.24 Newer cases of ADCs are finding case-

by-case success of this hydrazone functional group.17,25 

 

Figure 1.4. ADC BR96-doxorubicin with a hydrazone linker 

The hydrazone motif has a physiological half-life of about one hour, which can 

limit its applicability in long term studies.17 In an effort to design and synthesize a 

bifunctional linker that was stable at physiological pH, and also easily functionalized, Yang 
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and co-workers developed the N-ethoxybenzylimidazole (NEBI) functional group.26 They 

utilized a carboxylic functional group to attach a cancer therapeutic mimic, an analogue of 

doxorubicin, and click chemistry to attach human serum albumin (HSA) as a biomolecule 

mimic, which acts as a protein based drug carrier (Figure 1.5). Fluorescence microscopy 

and cell viability studies showed increase in cellular uptake and cytotoxicity in human 

ovarian cells when compared to releasing the therapeutic drug alone, or when a conjugate 

with a non-acid labile amide group was utilized instead. It was hypothesized that the 

increase in cytotoxicity was due to the high hydrolysis rate of the functional group upon 

uptake and intracellular localization into the lysosome of the tumor cells. The linker was 

also shown to be stable to biological Lewis acids and serum proteins.26 

 

 

Figure 1.5. Drug delivery system with NEBI crosslinker 

 

1.3. Triazabutadiene motif 

 

Triazabutadiene are compounds with three nitrogen atoms that are contained in a 

linear conjugated diene system.  These compounds are also referred to as π conjugated 
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triazenes and are closely related to two other nitrogen containing molecules; linear and 

cyclic triazenes (Figure 1.6).27 The different connectivity and substitution pattern cause 

these triazenes to have different reactivity and applications. These compounds are 

generally relatively stable and have been utilized  as protecting groups,28 as precursors to 

medicinal compounds,29  as DNA alkylating compounds in cancer therapy,30 as polymers 

in materials applications, and linkers.  

Figure 1.6. General class of triazenes 

Non-conjugated triazene compounds were reported almost a century before the first 

example of a triazabutadiene was synthesized. In their study of aliphatic 

peraminoethylenes, and in particular Δ2, 2’-bis (imidazolidines), Winberg and Coffman 

were able to synthesize triazabutadienes by dropwise addition of organic azides to benzene 

solutions of alkyl substituted bis imidazolidines (Scheme 1.1).31 

Scheme 1.1. First triazabutadiene reported
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Almost twenty years later, the Fanghänel group started a study on this motif that 

lasted over 17 years; resulting in an impressive series of publications covering a wide range 

of concepts.  The Fanghänel group synthesized the triazabutadienes utilizing a different 

synthetic strategy; using  base to couple benzenediazonium salts (11) to 

iminobenzimidazoles and iminobenzothiazoles heterocycles (10,  Scheme 1.2), obtaining 

a wide range of differently substituted compounds.32 

Scheme 1.2. Fanghänel group synthesis of triazabutadiene 

The Fanghänel group studied the photochemistry of these compounds, designing 

and running experiments to understand mechanisms involved in the E-Z isomerism,32,33 

iodine induced photo-isomerism, and sensitized isomerism34 of triazabutadienes and their 

derivatives. Their study also covered spectroscopy analysis, where they performed a study 

on the electronic influence on fragmentation during mass spectrometry, as well as NMR 

studies that gave information on the structure and electronic nature of the E and Z isomers 

of the compounds.35, 36  
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Figure 1.7. Representative triazabutadienes synthesized by the Fanghänel group 

More recently, the Bielawski group developed a generalizable synthesis of 

triazabutadienes using N-heterocycle carbene (NHC) precursors and both alkyl and phenyl 

azides. These precursors are commercially available or have facile syntheses. The 

Bielawski group was able to utilize these salts by deprotonating in situ, in the presence of 

organic azides, to produce triazabutadienes. This group was also able to show the coupling 

of azides to “free carbenes”, which are isolable carbenes that show exceptional stability 

due to steric or electronic influences (Scheme 1.3).37, 38  
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Scheme 1.3.Triazabutadiene synthesis through carbene precursors

By the utilization of organic azides, the Bielawski group also showed an increased 

substrate scope in the type of triazabutadiene that could potentially be synthesized. This 

research showed that a variety of alkyl and aryl azides would tolerate their conditions, 

resulting in triazabutadienes of different stability and reactivity (Scheme 1.3). This strategy 

of triazabutadiene synthesis has been adopted by a number of research groups, whose 

general structure of triazabutadienes that they study is depicted below (Figure 1.8).37,38, 39,40
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Figure 1.8. Different types of 1, 2, 3-Triazabutadienes 

1.3.1. Impact of sterics and electronics on reactivity of triazabutadienes 

Triazabutadienes synthesized by coupling NHCs to organic azides or aryl 

diazoniums lead to scaffolds that are easily functionalized by groups, which impart 

electronic or steric effects. The Fanghänel and Bielawski groups reported that the stability, 

and consequently the reactivity of the triazabutadienes can be tuned by; 1) increasing steric 

bulk on the N-heterocyclic end, and, 2) placing electron donating groups on the phenyl 

groups that are the azide or aryl diazonium precursors.32,38 
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1.3.2. Photochemical and thermal isomerism 

The Fanghänel group’s initial study was on the photochemical and thermal E-Z 

isomerism of the benzothiazolidine triazabutadienes. They reported the synthesis of the 

kinetic product after base coupling of aryl diazonium salts to 2-amino-3-methyl-

benzothiazolinone when the reaction was done in the absence of light. This Z-isomer was 

thermally and photo-chemically isomerized to the thermodynamically stable E-isomer 

(Scheme 1.4).32 

 

Scheme 1.4. Fanghänel’s synthesis of triazabutadienes 

The E and Z isomers had different absorbance behavior when the UV-Vis analysis 

experiments of the compounds was performed. The physical appearance of the compounds 

was evidence of their different absorption behavior. The Z isomers were yellow solids, 

translating into short energy wavelengths and lower intensity. The E isomers were yellow-

red to red-stained color corresponding to longer wavelengths and higher intensity, which 

was confirmed by UV-Vis analysis. It was hypothesized that there was reduced conjugation 
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of the Z isomer between the aryl and nitrogen π system components.  As expected, electron-

withdrawing groups lead to a bathochromic shift, and the opposite was noted for electron 

donating groups.  It was also noted that the influence of substituents on the absorbance of 

the Z isomer was less pronounced as compared to the E isomer.32  

Thermal isomerization of the Z to E isomer was also studied, varying the 

temperature, solvent, and triazabutadiene substitution on the scaffold. It was determined 

that the N=N isomerization followed a polar rotation mechanism that was solvent 

dependent, with the rate being favored by polar aprotic solvents and acid catalysts. The 

thermal isomerization correlated with the electron withdrawing ability of the isomer, where 

the more electron deficient scaffolds would isomerize at lower temperatures, both in 

solution and by heating the solid compounds. The triazabutadiene synthesized from the 

2,4-dinitrobenzene diazonium salt was able to isomerize at 0 ºC disallowing the isolation 

of the Z-isomer. This rate of isomerization was made increasingly facile by decreasing the 

energy barrier of rotation of the highly electronically deficient scaffold (Scheme 1.5). 

Scheme 1.5. Thermal Isomerization of the Z-isomer 
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It was reported however, that heating the triazabutadienes with electron donating 

substituents above 170 ºC would lead to a thermal decay with the release of nitrogen gas. 

The donor properties of the substituents lead to a decrease in the bond order of the N1-N2 

bond causing the N2-N3 bond cleavage to be favored.32 Triazabutadiene thermal 

degradation was described again in 2007 by the Bielawski group. Using gravimetric 

analysis it was found that thermal stability correlated to the sterics of the benzimidazol-2-

ylidene and the electronics of the substituents of the aryl azide. Triazabutadienes with N-

bulky substituents were stable to temperatures exceeding 150 ºC, while those with small 

substituents and electron donating groups would slowly decompose at room temperature. 

Using an isotopically labeled nitrogen, a mechanism for the decomposition was proposed, 

which resembled a Staudinger reaction mechanism, where the products of this reaction 

were molecular nitrogen gas and guanidine (Scheme 1.6).38 

 

 

Scheme 1.6. Thermal degradation of triazabutadiene 32 

1.3.3. Studies of acid reactivity of triazabutadienes 

In later publications in the triazabutadiene series, the Fanghänel group studied the 

acid reactivity of the E and Z isomers of aryl benzothiazole and benzoimidazole 

triazabutadienes (Scheme 1.7). The UV-Vis absorption spectrum of the compounds 

exhibited a pronounced halochromic effect when the spectra of the neutral solutions were 

compared to those taken in acidic solutions. 
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Scheme 1.7. UV-Vis and thermal isomerization of triazabutadiene 35 

The E-isomer of the triazabutadiene showed unexpected stability in acidic ethereal 

solutions, which was attributed to the N1 protonated species similar to protonated 

azobenzene compounds (Scheme 1.8). This protonated species was observed using UV-

Vis spectroscopy where the absorption maximum and intensity, as well as  the extent of 

the halochromic effect were dependent on the substituents, the heteroatoms, and the solvent 

used.  The stability of the N1 protonated species was also dependent on the E or Z isomer. 

The E isomer could be observed at room temperature, but the highly reactive Z isomer had 

to be cooled to -70 oC in order for spectra to be collected in acidic solutions, where a similar 

effect was observed.  

NMR experiments provided evidence of the protonated species being formed in 

acidic solutions, which indicate the change in bonding pattern corresponding to the 

extended conjugation. Computational calculations indicated changes in the bond lengths 

when the triazabutadiene conjugated scaffold was compared to the protonated species. The 

extent of the halochromic effect was also correlated to the change in energy of the 

triazabutadiene to the protonated species, where the greater the energy change, the higher 

the extent of the halochromic effect.41 
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Scheme 1.8. Energetically stable N1 protonated salt 

 

The triazabutadienes studied would eventually degrade in the acidic ethereal 

solutions to form benzene diazonium salts and iminobenzothiazoles compounds (Scheme 

1.9). The rate of the decay depended on the structure as well as the electronic distribution 

of the compounds, where the electron donating groups led to an increase in rate, with the 

opposite being observed for electron withdrawing substituents.  This rate also correlated 

with the rate of the formation of the benzene diazonium salt.  

 

Scheme 1.9. Acid cleavage of triazabutadienes 
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The kinetics of this acid decomposition was determined, and subsequently, a 

reaction mechanism was proposed. When the compounds are placed in acidic solutions, 

there exists an equilibrium between N1 and N3 protonation, which are the two nucleophilic 

and basic sites on the triazabutadiene. Protonation on N1 is more favorable due to the 

formation of the energetically stable protonated compound (Scheme 1.8).41  However this 

N1 reactivity does not lead to a forward reaction and is reversible. The N3 protonation 

becomes the rate determining step that leads to the formation of benzene diazonium salt 

and guanidine compounds (Scheme 1.10). At this acid concentration, the equilibrium was 

hypothesized to be mostly shifted towards the protonated N1 species, and the rate was 

found to be first order with respect to the N3 protonated triazabutadiene and acid 

concentration. The rate of heterolysis of the Z-isomer was found to be 105 to 103 times faster 

than the more stable E-isomer in these conditions, requiring analysis using fast scan UV-

Vis spectroscopy. 42 

Scheme 1.10. Triazabutadiene reactivity with Brønsted-Lowry acids 
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1.3.4. Triazabutadienes as synthetic reagents 

 

The 1, 2, 3-triazabutadiene motif has been used as a precursor to other nitrogen 

containing functionalities. Based on stability of the scaffold, the triazabutadienes can be 

synthesized and isolated before being subjected to conditions that lead to desired 

compounds. In other cases, the motif is not isolable and falls apart upon formation to 

compounds, which have synthetic importance. 

The Lyapkalo group developed a strategy towards the synthesis of guanidine salts 

that utilized the triazabutadienes as an intermediate. By coupling tert-butyl azide to NHC 

carbenes, a triazabutadiene was synthesized, which, upon treatment with ammonium 

tetrafluoroborate formed the amine salts.43 In a similar synthesis, the Tamm group required 

scaffolds for alkyne metathesis and synthesized the same triazabutadiene. After formation 

of the amine tetrafluroborate salt, 42, the salt was treated with an aqueous solution of NaOH 

to obtain the free guanidine, 43. Additionally, the free guanidine could be obtained by 

stirring the triazabutadiene in methanol overnight. Synthesis of 1,3-di-tert-

butylimidazolidin-2-imine (46) was also demonstrated by reacting the carbene with TMS-

azide, where the triazabutadiene intermediate, 45, was not isolated, and hydrolyzing the N-

silyl bond by stirring in methanol (Scheme 1.11).44  
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Scheme 1.11. Synthesis of guanidine compounds from triazabutadiene precursors 

Triazabutadienes have also been used as diazo transfer reagents for synthesis of 

azides from amines and diazo compounds. The Kitamura group developed triazabutadiene 

salt 48 that could be used in situ to deliver a diazo group to 1,3-dicarbonyl compounds. 

This triazabutadiene was synthesized by reacting sodium azide with commercially 

available chloroimidazolium salt 47. Without isolation, a carbonyl compound was 

introduced to the mixture and, within ten minutes, the reaction was complete and diazo 

compounds were isolated in high yields. It was also demonstrated that by substituting the 

counter ion with hexafluorophospate a safer more stable alternative 52 was synthesized 

that allowed the diazotization of a range of amines under copper free mild conditions 

(Scheme 1.12).45, 46
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Scheme 1.12. Triazabutadienes 48 and 52 as a diazo transfer reagents 

1.4. Aryl diazonium chemistry 

 

Diazonium compounds are reactive species that have the functional group R-N2X and 

serve as important synthetic intermediates in organic chemistry. Aryl diazonium salts, in 

particular, play a part in the synthesis of a multiple aryl compounds through substitution of 

the diazo group with nucleophiles. These salts are synthesized through diazotization of 

aniline compounds with sodium nitrite and strong mineral acids in water.47 An organic 

alternative is possible through the use of organic nitrites in organic solvents, such as 

dioxane, and ethanol48 or diazotization of silylated amines with nitrosyl chloride49 (Scheme 

1.13). 



. 

41 

 

 

 

Scheme 1.13. Diazotization synthesis of phenyl diazonium compounds 

Some of the reactions involving aryl diazonium salts are “named reactions,” for 

example the Sandemeyer reaction, which is the reaction of the salts with cuprous halides 

in acid,50 and  the Gatterman reaction, which in a similar fashion gives aryl halides from 

reacting the salts copper powder and hydrochloric or hydrobromic acid.51 Substitution with 

iodine, fluorine, or hydroxyl groups is also possible further increasing the versatility of the 

salts (Scheme 1.14). 

 

Scheme 1.14. Nucleophilic displacement of diazo group 

Aryl diazonium compounds can react with electron rich aromatic systems in an 

electrophilic aromatic substitution reaction, forming azo compounds. The azo bond leads 
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to an increase in conjugation, resulting in highly colored compounds in a system that is 

also electronically tunable.52 This reaction is therefore widely used for the formation of 

dyes in industry for applications ranging from food additives, to textile dyes, and as 

pigments in paints, plastics, and printing inks and in some pharmaceutical applications. 

However, studies on the safety of azo dyes to human health has shown some of the dyes to 

have detrimental effects and has resulted in a ban in their use in most consumer 

products.53,54   

Figure 1.9. Representative azo compounds 

1.4.1. Protein bioconjugation 

Bioconjugation techniques allow for the study of biological processes, synthesis of 

protein-drug conjugates, as well as making biomaterials for industrial or biomedical use. 

The choice in which bioconjugation technique to use is determined by a number of factors, 

such as selectivity required, the protein of interest, and functional group biocompatibility.55 

Lysine residues are the most prevalent residues on most protein surfaces and have 

been targeted using amine reactive electrophiles, such as N-hydroxysuccinimide (NHS) 
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esters (64), isocyanates, and isothiocyanates (65, Figure 1.10). This technique has a low 

level of control, leading to a general non-specific labeling, and is ideal for fast and reliable 

conjugation onto biomolecules. Cysteine residues have relatively low abundance on 

protein surfaces and are ideal when site-selective conjugation is desired. For a more 

selective modification strategy, expressed proteins allow for introduction of new residues 

through site-generated mutagenesis.56 However, the reagents utilized can also target lysine, 

requiring further confirmation of labeling site accuracy using spectroscopic techniques.57  

 

Figure 1.10. Bioconjugation reactions of lysine and cysteine 

 Tyrosine residues are also sparse on protein surfaces56 and have, similarly, been 

targets of increased site-specific bioconjugation.58,59,60 The phenolic functionality on 

tyrosine residues is electron rich enough to elicit reactivity with benzene diazonium salts 

forming azo compounds. The Francis group showcased the use of this azo chemistry 

bioconjugation by modifying tyrosine residues on the interior surface of viral capsids, (68) 

using p-nitrobenzene diazonium tetrafluoroborate, (69). Bacterophage MS2 was modified 

by removal of the RNA genome in basic conditions. The structure of the capsid indicated 
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32 pores of about 2 nm diameter giving access to the interior of the shell that was the target 

of the bioconjugation. It was reported that efficient conjugation required electron 

withdrawing substituents on the diazonium reagent, and reached full conversion in 2 hours 

at room temperature. This single modification was confirmed by MALDI-TOF MS 

analysis as well as size exclusion chromatography.  To attain further modification 

capabilities, the azo bond was reduced using sodium dithionite, forming an ortho-amino 

phenol moiety 71 that was further modified using an oxidative dearomatization 

cycloaddition step to yield the adduct 72 (Scheme 1.15).59  

 

Scheme 1.15. Bioconjugation of tyrosine with benzene diazonium salt 

Side reactivity of the salts with nucleophilic residues such as lysine or aromatic 

residues such as tryptophan and histidine is possible. The Haddleton group showed that 

tuning the reaction pH, stoichiometry, and chemical nature of the diazonium salts results 

in higher specificity. This research was based on site selective modification of tyrosine 

residues of peptide and protein drugs with diazonium salt-terminated linear polymers, 
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increasing their therapeutic half-life and immunogenicity. Site specificity was a 

requirement to prevent the polymers from blocking active sites of these therapeutic agents. 

Although the tyrosine conjugation with diazonium salts occurs over a wide pH range, the 

optimal pH where background reactivity was suppressed, was found to pH 4. At this pH, it 

was  demonstrated that [D-ala2]-Leucine Enkephalin, (74), could be selectively conjugated 

at the tyrosine residue in the presence of N-terminal amino group (Scheme 1.16).61 

Scheme 1.16. Site selective modification on peptide 

Similar work was reported by the Barbas group, whose work with a bench stable 

crystalline 4-formylbenzene diazonium hexafluorophosphate compound enabled 

installation of a bioorthogonal aldehyde functionality on protein surfaces.60 The aldehyde 

functional group allows formation of oxime or hydrazone bonds62,63, which allows for 

facile attachment of small molecule tags, PEG groups, and small molecules on protein 

surfaces.60 

Although lysine reactivity is seen as a liability in the site selective modification of 

tyrosine residues, it is considered reversible and can be circumvented by the use of excess 

diazonium reagent. The Carreira group however, specifically targeted amino groups of 
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peptides by synthesizing ortho-diazonium ester 76 which chemically locks the formed 

triazene, preventing reversibility. This strategy, similar to the Bertozzi-Staudinger 

modification64, was shown to be highly efficient, fast, mild, and in equimolar conditions 

was selective to the N-terminus of a tyrosine containing peptide (Scheme 1.17).65 

Scheme 1.17. Amine selective bioconjugation using arene diazonium salts 

1.4.2. Diazomethane and TMS diazomethane 

Diazo compounds are closely related to diazonium compounds, with two terminal 

nitrogen atoms in the structure. The simplest diazo compound is the diazomethane, which 

was first synthesized by Hans von Pechmann in 1894 by treating N-methyl-N-

nitrosoacetamide with base. In his publication, he described the compound as a yellow gas 

that caused chest pain, dyspnea, and fatigue, which made working with it “very 

unpleasant”, requiring subsequent research to be conducted in ethereal solutions.66 It was 

consequently established that diazomethane caused detrimental health effects upon 

exposure which could lead to death. In addition to these concerns, the compound is 

explosive.67 

Even with the drawbacks associated with diazomethane, it is a versatile compound 

that is used in a wide range of reactions. This prompted the development of safer ways of 

generating diazomethane, with Arndt in 1935 and later Boer in 1965 contributing synthetic 



. 

47 

protocols towards this goal.68,69 A commercially available kit for the synthesis of 

diazomethane, using the Boer synthetic strategy is currently available from Sigma Aldrich 

sold under the brand name Diazald®. 

The most popular use of diazomethane is the mild esterification of carboxylic acids 

especially in the late stage modification of natural products or in pharmaceutical synthetic 

protocols.70,71 Other reactions include the Arndt-Eistert homologation,72 cyclopropanation 

73 and 1,3-dipolar cycloadditions.74 TMS-diazomethane was made as a less explosive 

alternative to diazomethane and is commercially sold as an ethereal solution for 

methylation reactions.75, 76 However, its health effects are as harmful as diazomethane, with 

two reported deaths linked to inhalation of the compound. 77 

The use of polymer bound linear triazenes as esterification reagents has been 

demonstrated by the Struber and Bräse groups. The Struber group reported a polystyrene 

polymer based triazene that is capable of fast, high yielding, and selective carboxylic acid 

esterification in a simple “mix and filter off” procedure. The group additionally was able 

to show that the reagents could be used in the alkylation of phenols (Scheme 1.18).78 

Scheme 1.18. Esterification and alkylation with triazene polymer 
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The Bräse group similarly reported the synthesis of sulfonic esters (85) from 

sulfonic acids (82) or sodium sulfonates (83) occurring in good to excellent yields and with 

high purity. The mechanism involves acid-catalyzed degradation of the triazene to form 

diazonium compound, which alkylates the acids similar to the reactivity of diazomethane 

(Scheme 1.19). The ease of synthesis of the reagent, as well as the wide substrate scope or 

alkylating group available, makes this an efficient and attractive esterification strategy.79 

Scheme 1.19. Synthesis of sulfonic esters
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DESIGN AND SYNTHESIS OF WATER-SOLUBLE 

TRIAZABUTADIENES AS ARYLDIAZONIUM PRECUSORS 

2.1. Dengue virus inspired probe design 

The inspiration towards the synthesis of a pH sensitive probe was seeded by the 

overall goal of the lab, which is the study of dengue virus infectivity. Dengue virus is 

known to infect host cells through endocytosis and undergoes a pH-dependent fusion with 

the endosome to release its genetic material into the cytosol.80 The design of the probe 

would allow interrogation of this system in an effort to identify the interacting proteins 

during the infection process. This probe would have to be stable in extracellular pH and, 

upon the drop in pH to ~5, reveal a reactive species that would crosslink interacting 

proteins.  

Figure 2.1. Dengue infectivity and desired probe 

As discussed in chapter 1, triazabutadiene compounds react in acidic solutions to 

give diazonium, and iminobenzimidazoles or iminobenzothiazoles products.42 Scaffolds 

with phenyl groups lead to the formation of benzene diazonium compounds, which are 

CHAPTER 2



. 

50 

known to react with tyrosine residues to form azo compounds.58,59,60 This reactivity could 

be leveraged into the design of a pH responsive probe that gives a moiety that reacts with 

tyrosine residues, leading to crosslinking or labeling studies (Scheme 1.9). 

2.2. Synthesis of imidazolium based triazabutadienes 

The Fanghänel group had demonstrated that the benzothiazole triazabutadiene 

scaffold decomposes in THF/HCl solutions to yield benzene diazonium salts, and 

iminobenzimidazoles or iminobenzothiazoles products.42 Further studies indicated long 

lived stability of the N1 protonated form of the E isomer41, suggesting that these scaffold 

may be too stable in acid for the intended purposes. 

In this regard, a simple triazabutadiene scaffold was synthesized utilizing the 

Bielawski protocol 37 of deprotonating  N-heterocyclic carbene (NHC) precursors in the 

presence of phenyl azide. The triazabutadiene was synthesized by first alkylating N-methyl 

imidazole (86) with methyl iodide to form the NHC precursor iodide salt (87). The salt was 

then suspended in THF with phenyl azide (88) in solution, to which potassium tert-butoxide 

was added to form the carbene, which coupled to the azide to give the 1,3-

dimethylimidazolium triazabutadiene (89) in good yields (Scheme 2.1).81 

Scheme 2.1. Synthesis of imidazolium triazabutadiene 89 
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The dimethylimidazolium-derived triazabutadiene, 89, was then subjected to 

strongly acidic conditions, similar to those that the Fanghänel group had shown with their 

benzothiazole scaffold. A solution of triazabutadiene 89 and resorcinol (92) was made up 

in methanol before an excess of hydrochloric acid was introduced. The resorcinol served 

as a reacting partner to any benzene diazonium salt that forms from the degradation 

reaction. This experiment proved to be successful with the isolation of Sudan Orange-G 

dye (93), which is the azo product of benzene diazonium chloride and resorcinol (Scheme 

2.2).81

Scheme 2.2. Synthesis of azo dye 93

Having established model triazabutadiene 89  had similar acid reactivity as had 

been reported,42 similar reactivity higher pKa was investigated. The compound was 

subjected to the same conditions, but substituting hydrochloric acid for acids with higher 

pKa values (Table 2.1). The formation of azo dye, 93, was utilized as a positive result for 

this experiment. It was gratifying to observe that the dye was being obtained at the pKa 

range tested, although at slower rate with increasing pH. A positive result for acetic acid 

was well received, because at pKa 4.76 the reactivity was close to the reactivity range of 

the desired probe (Table 2.1).81 
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Table 2.1. Reaction of triazabutadiene 89 in different acids. 

Acid pKa (H2O) Dye Observed 

p-TsOH 2.1 Yes 

m-Nitrobenzoic Acid 3.47 Yes 

Benzoic Acid 4.2 Yes 

Acetic Acid 4.76 Yes 

2.2.1. Synthesis of water-soluble triazabutadienes 

After establishing that the triazabutadiene compounds derived from imidazolium 

based NHC salts had the desired acid reactivity, water-soluble analogues were sought. This 

was done to demonstrate the acid reactivity in water and, henceforth, more relevant 

conditions for the use of a biological probe. The water-soluble analogue was synthesized 

in a similar manner to the dimethylimidazolium derived analog, from N-methyl imidazole 

(86). Methyl imidazole was alkylated with 1,3-propane sultone, which served both as a 

quaternization reagent to form the NHC salt as well as impart the desired water-solubility. 

By heating N-methyl imidazole and 1,3-propane sultone (94) in toluene, the zwitterionic 

NHC salt, 95, was isolated as an off-white powder. This salt was deprotonated with base 

in the presence of phenyl azide (88) to form the water-soluble triazabutadiene, 96, as a 

yellow solid in acceptable yields (Scheme 2.3).81 
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Scheme 2.3. Synthesis of the water-soluble methyl imidazolium triazabutadiene 96

Having synthesized triazabutadiene 96, the stability of the compound to hydrolysis 

in neutral conditions was investigated. An NMR experiment was conducted where a 

solution of the triazabutadiene was dissolved in deuterated water and a 1H NMR spectrum 

was obtained immediately and again after 24 hours. The compound was observed to be 

unstable and underwent hydrolysis in water with a half-life of approximately 24 hours 

(Scheme 2.4).81 

Scheme 2.4. Hydrolysis of the water-soluble triazabutadiene 96 in deuterated water

An additional experiment was performed where stability in a buffer solution of pH 

7.4, was established using UV-Vis spectroscopy. The results of this experiment also 

showed that the peak absorbance of the compound quickly decreased. This indicated that 

the compound was being hydrolyzed to the guanidine compound rapidly, even at the mildly 

basic pH. It was also observed that the λmax was slightly blue-shifted in the second scan. 
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This could be attributed to the light induced isomerism of triazabutadiene 96 to the less 

conjugated Z isomer (Figure 2.2). 

 

Figure 2.2. Time-dependent UV-Vis of water-soluble triazabutadiene 96 in pH 7.4 

 Based on the acid degradation mechanism proposed by the Fanghänel group,42 as 

well as the rearrangement mechanism proposed by Bielawski group,38 it was hypothesized 

that increasing the steric bulk on the imidazole group would increase the compounds 

stability in neutral conditions. Several analogues of water-soluble triazabutadienes were 

synthesized to test out the hypothesis. The first analogue was synthesized from a tert-butyl 

substituted imidazole, 100, which was formed through a condensation reaction of tert-butyl 

amine (98), glyoxal (99), formaldehyde and ammonia.82 The tert-butyl substituted 

imidazole was alkylated using 1,3-propane sultone (94) to give the NHC precursor salt, 

101. 



. 

55 

Scheme 2.5. Synthesis of the tert-butyl substituted NHC salt 101

In a similar way, mesityl substituted imidazole was synthesized through acid 

catalyzed condensation of mesitylene (102) with glyoxal, (99) ammonium chloride and 

formaldehyde.83 The imidazole was alkylated with 1,3-propane sultone to give the mesityl 

substituted NHC salt 104 (Scheme 2.6). Triazabutadienes 105 and 106 were synthesized 

by deprotonation of the NHC salts, 101, and 104, respectively in the presence of phenyl 

azide (Scheme 2.7). 

Scheme 2.6. Synthesis of the mesityl substituted NHC salt 104

Scheme 2.7. Synthesis of triazabutadienes 105 and 106
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The synthesized triazabutadienes were subjected to stability studies similar to 

methyl triazabutadiene 96. The compounds were dissolved in deuterated water and NMR 

scans were taken immediately after the solutions were made, and again at the 12 hour mark. 

The hydrolysis product was integrated against the triazabutadiene and it was determined 

that the mesityl compound, 106, was relatively stable compared to the tert-butyl, 105, and 

the methyl compound, 96. Roughly 38% hydrolysis product of the tert-butyl 

triazabutadiene product was observed, compared to 25% of the methyl triazabutadiene and 

9% of the mesityl triazabutadiene.81  

 

Figure 2.3. Hydrolytic stability of synthesized triazabutadienes 

Based on early assumptions, it was surprising that the tert-butyl compound was less 

stable than the methyl compound, but it is now hypothesized that the tert-butyl group forces 

the scaffold to sit in a conformation that can more readily protonate the N3 site. NOESY 

experiments performed on triazabutadiene 105 and 106 gave more insight on the 

conformation of the compounds. Triazabutadiene 106 was found to prefer Z* conformation 

about the C=N3 bond as observed through NOESY interactions of the mesityl and phenyl 

groups. Triazabutadiene 105 on the other hand had the opposite orientation (Figure 2.4, 

Hydrolytic stability 
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also see Appendix B, Figure A.4). This observation as well as the increased hydrolysis 

instigated further studies into the correlation of orientation about the C=N3 bond and the 

rate of hydrolysis. This study is currently ongoing.  

Figure 2.4.  Orientation of triazabutadiene about the C=N3 bond 

The synthesized water-soluble triazabutadienes were shown to be stable by NMR 

over 24 hours when they were placed in 0.1 M solutions of NaOH. In comparison, however, 

the solutions of the compounds in neutral water would increase in pH and level off at pH 

~9.5 over the course of an hour. This observation was consistent with the reactivity of the 

triazabutadienes and the requirement of protonation for degradation, where the increase in 

pH was attributed to the formation of the basic guanidine compound. 
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2.2.2. Rate analysis of mesityl substituted triazabutadiene 

Mesityl substituted triazabutadiene 106 was chosen as the model compound for rate 

analysis experiments, due to its relative stability to hydrolysis in neutral conditions. The 

hydrolysis reaction in water solutions would stop due to the consumption of hydronium 

ions, which was the result of the solution becoming more basic. The rate of this hydrolysis 

reaction was therefore sought in conditions of constant pH, requiring the use of buffers.  

Scheme 2.8. Hydrolysis of 106 in buffered solutions 

These buffer solutions were made ranging from pH 4 to 7.4, using phosphate/citrate 

and potassium dihydrogen orthophosphate/sodium hydroxide buffer recipes (see 

experimental in Chapter 5). The phosphate/citrate buffer system gave pH 4 through 7, with 

the phosphate system giving pH range 6 through 7.4, allowing an overlap that would give 

insight into any observable buffer effects on rate. A high buffer capacity was utilized to 

create a high excess of hydronium ions, ensuring the pH of the buffers would remain 

constant after consumption through the hydrolysis reaction. 

The buffer solutions were made in a 9:1 mix of H2O:D2O to allow for solvent 

suppression pulse sequence NMR experiments. The mesityl triazabutadiene (0.0107 mmol) 

samples were placed into an NMR tube, to which 0.5 mL of the buffer solution was added 

all at once. Once ensuring complete solubility, these reactions were inserted into an NMR 

instrument and scans were taken at even time intervals. The concentrations of starting 
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material to the guanidine product were calculated based on integration of singlets from the 

mesityl region. Resorcinol was not added to the NMR samples to prevent added complexity 

on the spectra and also to the rate equation. The guanidine product proved useful in 

monitoring the completion of the reaction because the benzene diazonium salt hydrolyzes 

further upon formation to form phenol in a pH independent way.47 These experiments were 

run in triplicate.  

Figure 2.5. Representative NMR of the hydrolysis reaction of triazabutadiene 106 

From this experiment, the rate data obtained surprisingly displayed pseudo zero 

order kinetics where the concentration of the triazabutadienes would decay linearly with 

time (Figure 2.6). The observation correlated with the proposed mechanism42, which 

showed the N3 protonated species being significantly less abundant than the N1 protonated 

species. This resulted in a small fraction of the reactant molecule being available for rapid 
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reaction which would be continually replenished from a larger pool. The use of buffer 

solutions also meant that the concentration of hydronium ions, one of the reactants, would 

be in high excess leading to conditions that display pseudo zero order reaction kinetics.84 

Figure 2.6. Linear decay of triazabutadiene 106 in pH 6 buffer 

During the course of the NMR experiment, a precipitate was observed to sediment 

in the NMR tube. This precipitate was isolated and found to be azo dye 109, which could 

only be formed from the hydrolysis of the formed benzenediazonium salt (91) to phenol 

and the subsequent reaction between that phenol (108) and a second benzenediazonium 

salt. The relatively slow formation of the phenol results in a high excess of the benzene 

diazonium salt, which drives this coupling. Moreover, the fact that phenol was not directly 
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observed speaks to the rapid reaction rate for the coupling. This was a welcome result that 

was further evidence that the benzene diazonium salt was being formed (Scheme 2.9). 

Scheme 2.9. Hydrolysis reaction of triazabutadiene 106 to form azo dye 109

Upon plotting the rate of the hydrolysis against the pH of the buffers utilized, a 

sigmoidal dependence of the rate of hydrolysis to pH that was centered on pH 6, was 

observed. There seemed to be no considerable buffer effect on the rate of the hydrolysis in 

the overlap range of the two buffers utilized. From the analysis of the data (Figure 2.7), it 

was observed that triazabutadiene 106 was also decomposing at physiological pH, with a 

rate that translated to about 42 minutes for consumption of a 5 mM solution of the 

compound. This instability was problematic, as it would mean there would be background 

reactivity observed during installation of the probe on a protein of interest or in pH-

dependent labeling experiments. At pH 8, which was the potassium dihydrogen 

orthophosphate/sodium hydroxide buffer buffering window, there was a decrease in rate 

with time, which would ultimately plateau off with the pH of the solution being recorded 

at pH 9.2. This reactivity was expected. The buffering capacity was exceeded at this range, 
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resulting in an increase in pH after consumption of the hydronium ions in solution and the 

introduction of the basic guanidine product.  

Figure 2.7. pH-dependent decomposition of triazabutadiene 106 

2.2.3. Synthesis of electronically altered triazabutadienes 

It had been documented that both electronics and sterics had a role to play in the 

overall stability of the triazabutadiene scaffold.32, 38 Sterics as a stabilizing factor had 

already been utilized as a strategy, through the use of the mesityl group. This had improved 

the overall stability when compared to derivatives with smaller groups on the imidazole. It 

was hypothesized that, by having electron donating groups as substituents, the overall 

reactivity of the triazabutadiene would increase, but so would the overall instability. The 

electron donation would increase the electron density on the N3 nitrogen, increasing the 

rate of protonation. Electron withdrawing groups would ideally have an opposite effect and 
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by finding a balance between these two effects, a stable triazabutadiene scaffold that has 

the desired reactivity could be achieved. These derivatives (Table 2.2) were synthesized by 

coupling aryl azides with various electron withdrawing and electron donating groups to the 

mesityl imidazolium NHC salt, 104 (Scheme 2.9). 

Scheme 2.10. Synthesis of electronically altered triazabutadienes

Table 2.2. Electronically altered triazabutadienes synthesized. 

R R1 Effect Hammett 

Substituent 

Constants85 

110   OMe H EDG -0.268

111 NO2 H EWG +0.778

112 H OMe EWG +0.115

113 Cl H EWG +0.373

114 CF3 H EWG +0.54

115 CN H EWG +0.66

116 H NO2 EWG +0.71
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The p-methoxy substituted triazabutadiene, 110, was isolated in good yields as a 

hygroscopic orange solid. This triazabutadiene compound was subjected to similar stability 

studies as the previous compounds, where 1H NMR spectrum was obtained in deuterated 

water upon dissolution and again at the 12 hour mark. As expected, the compound showed 

a higher level of instability when compared to phenyl triazabutadiene 106. The rate of 

hydrolysis of p-OMe triazabutadiene 110 was then analyzed in buffer solutions in a similar 

manner to elicit a comparison to phenyl triazabutadiene 106. The rate was found to be 

faster when compared to the rate of the phenyl triazabutadiene, which was the anticipated 

effect based on the hypothesis that electron donation into the scaffold would increase the 

nucleophilicity and basicity of both N1 and N3, resulting in a faster overall rate of 

hydrolysis.  

Figure 2.8. A comparison of rate of hydrolysis of triazabutadienes 106 and 110 at pH 6 
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The expected result of p-methoxy triazabutadiene 110 bolstered efforts towards 

analyzing the electron withdrawing derivatives synthesized. The p-nitro triazabutadiene 

(111) showed high stability in water, with no hydrolysis product being observed by NMR

over 24 hours.  However, upon reduction of pH of the water solutions, a yellow precipitate 

was observed. This precipitate was isolated and a spectrum obtained in DMSO-d6, and 

upon comparison with the spectrum of the starting triazabutadiene, it was determined to be 

a different compound. When this NMR sample was treated with base, the spectrum 

changed, reverting to the spectrum of p-nitro triazabutadiene 111 (Figure 2.9, also see 

Appendix B, Figure A.1). 

Figure 2.9.  NMR of precipitate collected after treatment of 111 with formic acid, and 

after treatment with Et
3
N
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This base reactivity gave some insight into the identity of the isolated precipitate. 

It was hypothesized that the p-nitro triazabutadiene was getting protonated in acid solutions 

to form a stable and isolable intermediate. It had been reported that similar scaffolds get 

protonated at the N1 position forming a relatively stable species.41 Although the 

protonation pathway was expected in this case, the compound that was isolated was less 

likely the N1 protonated species and hypothesized to be the product of the protonation of 

the nitro substituent. This was based on the drastic change in both the shift and the splitting 

pattern of the peaks in the aryl region observed in the spectrum (Figure 2.9). This new 

protonation pathway added a new complexity to the reactivity that further slowed down the 

formation of the benzenediazonium salt and guanidine. The protonated species, 113, was 

observed to seem to go back in solution over time (24 h) with bubbling observed which 

was hypothesized to be equilibration back to the p-nitro triazabutadiene and the compound 

eventually falling apart after N3 protonation (Scheme 2.11). 

Scheme 2.11. Unexpected reactivity of the p-nitro triazabutadiene 111

To directly compare the reactivity of  p-nitro triazabutadiene 111 to that of phenyl 

triazabutadiene 106 as well as  p-methoxy triazabutadiene 110, an experiment was 

designed, where the rate of hydrolysis was followed by NMR in a deuterated methanol and 

deuterated water system, with an excess of formic acid added to simulate a buffer system. 
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This solvent system was designed to ensure all the constituents of the reaction would 

remain in solution.  

In addition to the three compounds, an additional triazabutadiene was assessed with 

these experimental conditions. The m-nitro triazabutadiene, 116, would have an inductive 

electron withdrawing effect, but the protonation of the nitro group observed, due to the 

extended conjugation from resonance, would not be possible. The m-nitro triazabutadiene 

compound was similarly stable in neutral water but also precipitated in acidic solutions. 

This precipitate was similar to that obtained from the p-nitro triazabutadiene acidification 

in that it could be re-dissolved after the solution was neutralized. This precipitate was 

hypothesized to be the N1 protonated species.  

The rate analysis of these four systems revealed the expected pattern of reactivity, 

where p-methoxy triazabutadiene 110 had the fastest rate, with phenyl triazabutadiene 106 

coming in second place. When compared to the rate of hydrolysis in buffer solutions, this 

rate was slower, which was expected in the more organic environment and seemed to 

follow first order kinetics. The two compounds, 106 and 110, had their reactions go to 

completion in about 2 hours, with the rates of the nitro compounds being comparatively 

sluggish. It was also observed that m-nitro triazabutadiene 116 had a faster rate of 

hydrolysis when compared to p-nitro triazabutadiene 111 which was expected due to the 

additional pathway demonstrated for the p-nitro triazabutadiene compound that was not 

possible for  m-nitro compound 116 (Scheme 2.10). 
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Figure 2.10. Time-dependent diazonium salt release of triazabutadiene (15 mM) in 

water/methanol mixture (1:1) containing formic acid (10 equiv) 

The list of compounds synthesized included other electron withdrawing groups of 

varying Hammett values.85 Triazabutadienes synthesized from p-chloro, p-cyano, and p-

trifluromethyl phenyl azides were found to have limited solubility in water, limiting the 

analysis of these compounds. The m-methoxy triazabutadiene, 112, was thought to be a 

good candidate for rate analysis comparisons due to the electron withdrawing capability of 

the m-methoxy group and the overall solubility in neutral and acidic solutions. At pH 6, 

the reaction rate of compound 112 was 0.6 ± 0.4x10-5 M/s compared to 0.7 ± 0.4x10-5 M/s 

which was the rate of phenyl triazabutadiene 106 (see Appendix A). 

2.3. Protecting the triazabutadiene scaffold for controlled stability and reactivity 

Initial efforts to stabilize the triazabutadiene scaffold through electronic 

perturbations did not yield the desired results. There was not a “Goldilocks” compound 

that had rapid reactivity at pH 5-6 and stability at pH 7. A different strategy was sought, 
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which would allow more control over the stability of the triazabutadiene as well as the 

reactivity that releases diazonium compounds. Literature out of the Fanghänel group had 

shown that the triazabutadiene scaffold could be permanently alkylated at the N1 position, 

and this made a new salt, 117, stable to acid even in refluxing conditions.86  

Scheme 2.12. Fanghänel’s synthesis of N-1 ethyl triazabutadiene salt 117 

This impressive acid stability of the salts inspired the design of a protecting group 

strategy for the imidazolium based triazabutadienes. The ideal group would make the 

triazabutadienes acid stable but would allow facile orthogonal removal returning back the 

compounds with acid-reactivity intact (Scheme 2.12). Chloroformates are known to react 

with amines to give carbamate groups, many of which are highly acid stable depending on 

their substitution pattern.87 Carbamates are however base labile, and would therefore be 

orthogonally removed from a triazabutadiene scaffold in conditions that would be 

stabilizing for the deprotected triazabutadiene. 

Scheme 2.13. Protection-deprotection strategy of triazabutadiene
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For ease of synthesis, triazabutadiene 120 was used as a model compound in the 

reactions with ethyl chloroformate, due to its solubility in organic solvents. The 1,3-

bismesityl triazabutadiene was treated with ethyl chloroformate to form the ethyl 

carbamate triazabutadiene (121) as a yellow salt (Scheme 2.14). 

Scheme 2.14. Synthesis of ethyl carbamate triazabutadiene salt 121

The work that proceeded from this proof of concept experiment is ongoing, and 

will be further discussed detail in an unpublished manuscript and finally in Lindsay 

Guzman’s dissertation.88  The initial results are however briefly discussed in this 

dissertation. To ascertain the acid stability of the carbamate salt, a methanol solution of the 

compound was acidified with HCl in the presence of resorcinol. There was no azo dye 

observed in this experiment, which meant that benzene diazonium dye was not being 

produced and furthermore, NMR analysis showed unmodified 121.88 The base-labile 

carbamate was hydrolyzed to give back the unprotected triazabutadiene, which, after 

treatment with acid in the presence of resorcinol, gave the azo dye (Scheme 2.15). This 

experiment showed that the protecting group had successfully imparted acid stability as 

well as allowing facile removal, and reversion of acid reactivity.88 
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Scheme 2.15. Stability of ethyl carbamate triazabutadiene 121 

The carbamate triazabutadiene deprotection mechanism is similar to that of a base 

hydrolysis of an ester going through a BAC2 mechanism, where the rate determining step 

is the formation of a tetrahedral intermediate, which falls apart giving the triazabutadiene, 

carbon dioxide and alkoxide (Scheme 2.16). This hydrolysis reaction was observed through 

UV-Vis analysis in basic buffers, where water-soluble carbamate salt 121 would decrease 

over time in absorbance due to the formation of the deprotected triazabutadiene, 120, which 

was not soluble in water (Figure 2.11).88 
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Scheme 2.16. Mechanism of triazabutadiene-carbamate 121 hydrolysis 

 

 

Figure 2.11. UV-Vis analysis of triazabutadiene-carbamate hydrolysis 
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The ethyl carbamate triazabutadiene salt showed that it was possible to protect and 

deprotect the triazabutadiene scaffold allowing more control over the release of the 

diazonium compound. This strategy also allows for functionalization reactions on the 

scaffold that require acidic conditions for example coupling reactions in solid phase peptide 

synthesis. In further studies, the role of sterics on the rate of deprotection of the carbamate 

as well as the effect of protecting electronically perturbed triazabutadiene scaffolds will be 

investigated. In addition, biocompatible protecting groups such as light labile groups on 

the N-1 position, will be developed, to allow the utilization of this strategy in the design of 

probes for probing biological systems (Scheme 2.17). 

Scheme 2.17. Biocompatible protecting groups for the triazabutadiene scaffold 

2.4. Triazabutadiene as a photobasic functional group. 

The following  work on the light responsiveness of the triazabutadiene scaffold was 

done in partnership with Jie He and also includes a published manuscript.89  Benzothiazole 

and benzoimidazole derived triazabutadiene compounds had been shown to have light-

responsive behavior, where the compounds can be readily photo-isomerized back and forth 

from the thermally stable E-isomer to the more reactive Z-isomer.32 Upon irradiation of a 
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pH 9 buffered solution of phenyl triazabutadiene 106 using a 365 nm light source, it was 

observed that the compound was completely consumed in a few hours. This was surprising 

because the non-irradiated solution of the compound in the same pH buffer was established 

to be stable for over 24 hours by NMR.89 

 

 

Scheme 2.18. Light degradation of triazabutadiene 106 

  The proposed acid degradation pathway mechanism42 indicated that the compounds 

required protonation for the reaction to proceed. This light-induced degradation in basic 

buffers suggested the triazabutadiene had a higher pKa, resulting in the protonation and 

degradation observed. This increased basicity was hypothesized to be a result of the 

isomerization to the Z-isomer. The benzene diazonium compound, or the products of the 

hydrolysis, were not observed in this experiment, likely due to their own 

photochemistry.90,91 To provide evidence that  mechanism was as expected, resorcinol was 

added to the basic buffered solution before irradiation, to trap benzene diazonium 

compounds as they formed before undergoing any light-related degradation pathways. 

From this mixture, it was observed that the azo-benzene was being formed in similar yields, 

as that of the acid reaction of the non-irradiated form.89 
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Scheme 2.19. Reaction of triazabutadiene with light in basic buffers 

Initial attempts to monitor and observe the isomerization to the Z-isomer using 

NMR in deuterated water or buffer did not give any clear results, presumably due to the 

ready thermal reversion to the E-isomer in these conditions. However, upon changing the 

solvent to DMSO–d6 and irradiation of a solution of triazabutadiene 106 for 1 hour, a 

mixture of the two isomers was observed in solution (Scheme 2.20). The thermal reversion 

also seemed to be comparatively slow compared to the reversion in water solutions, 

allowing for NOESY experiments that further proved the identity as well as the 

conformation of the two isomers (See Appendix B, Figure A.3).89 

Scheme 2.20. Photo isomerization of triazabutadiene 106 in DMSO-d6
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The basicity of the Z-isomer could be explained by the increased HOMO energy 

level of the lone pair of electrons on the N2 and N3 nitrogen atoms due to the out of plane 

conformation of the phenyl group that also resulted in increased steric repulsion. The E-

isomer, in comparison, has a stable π conjugated system with alternating lone pair of 

electrons. This hypothesis was supported by the conformation data obtained from the 

NOESY experiment as well as the diminution of the UV-Vis spectrum of the Z-isomer 

compared to the E-isomer. 89 

To describe the overall reactivity of the triazabutadiene, it was found that the Z-

isomer undergoes similar types of reactivity as the E-isomer, albeit faster even in 

conditions where the E-isomer was stable. The Z-isomer is able to, very quickly, thermally 

revert to the E-isomer when it is N1 protonated. The N3 protonated species will degrade 

relatively faster for both the E-isomer and the Z-isomer (Scheme 2.21).89 
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Scheme 2.21. Reaction of E and Z isomer of 106

Light as a reagent for the synthesis of diazonium compounds introduces more 

versatility to the triazabutadiene scaffold. The electron-withdrawing substituted 

triazabutadiene derivatives displayed the required stability to hydrolysis in neutral 

conditions. The unforeseen stability and insolubility of the protonated species led to their 

inefficiency as benzene diazonium precursors and, therefore, possible development as 

probes. Light was investigated as an alternative to acid in the production of benzene 

diazonium compounds from these derivatives (Figure 2.12). 
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Figure 2.12. Light degradation of electron-poor derivatives of triazabutadienes 

From this experiment, it was observed that only phenyl triazabutadiene 106 would 

react to completion over 20 hours in pH 9 buffer. Other derivatives analyzed, 116 and 115, 

showed low conversion rates. In this regard, light as a reagent was found to be feasible 

with the unsubstituted triazabutadiene, where the reactivity could be accessed in slightly 

basic buffers where the compounds were relatively stable.89  
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2.5. Summary and outlook 

Imidazolium-based triazabutadienes provide a versatile scaffold that has the 

required reactivity to allow development into an acid-responsive probe. The water-soluble 

triazabutadienes offer one of the mildest ways of generating diazonium species in aqueous 

solutions. The stability and reactivity tests have given insight into the limits as well as 

applicability of these compounds. It is expected that the protecting group strategy will 

allow increased utility in low pH ranges as well as development of trigger chemistries for 

the deployment of benzene diazonium compounds in complex biological applications. The 

unexpected success in the use of light also provides new avenues in application of the 

scaffold.  
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TRIAZABUTADIENES AS ARYLDIAZONIUM PRECUSORS FOR 

CHEMICAL BIOLOGY 

3.1. Designing triazabutadienes as chemical biology probes 

Imidazolium-based triazabutadienes were successfully synthesized and shown to 

have the desired reactivity, releasing phenyl diazonium salts in physiologically relevant 

conditions.81 This reactivity allowed the development of the triazabutadiene scaffold as a 

probe for organelle-specific bioconjugation reactions. In the design of the probe, the 

mesityl group was retained on one of the attachment sites of the imidazole group to provide 

hydrolytic stability. The other imidazolium nitrogen offered a site for attachment 

chemistry, where the various moieties could impart water-solubility, or be directing groups 

that would allow for more specific labeling. The phenyl group would be functionalized to 

contain a labeling group which could include biotin, PEG group, fluorophore, or a 

nucleophilic site (Figure 3.1). 

Figure 3.1. Design of triazabutadiene probe for tyrosine labeling 

CHAPTER 3



. 

81 

 

 

 With tyrosine residues as the target, the triazabutadiene probe would be deployed 

in solution with the protein of interest, and upon a drop in pH would react to release 

diazonium compounds that would ideally, specifically label tyrosine through the formation 

of azo bonds. This would impart any cargo attached to the phenyl group on the protein 

surface (Figure 3.2). This strategy showcases the triazabutadiene as a mild precursor for 

benzene diazonium salt allowing in situ production and deployment to tyrosine residues. 

 

Figure 3.2. Reaction of tyrosine residues with benzene diazonium deployed by a 

triazabutadiene 

 A simple experiment was designed to demonstrate that phenyl triazabutadiene 106 

could be used to deliver benzenediazonium salt to a tyrosine analogue in solution. A 

modified tyrosine compound, 124, was treated with equimolar amount of phenyl 

triazabutadiene 106 in a pH 6 buffered solution and, gratifyingly, azo product 125 was 

obtained in quantitative yields (Scheme 3.1).81  It was also noted that the reaction did not 

give the desired product when a tyrosine with an uncapped amine group was utilized. The 

product isolated from the reaction of the free amine tyrosine is still under characterization. 

It is presumed that the free amine reacts with the benzene diazonium compound, forming 

an intermediate that goes on to further react either in an intramolecular or intermolecular 
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manner resulting in this mystery product. Amine reactivity with diazonium compounds has 

been shown previously  and, although it is considered reversible, it is possible to trap the 

intermediate formed to make a permanent linkage.65 

 

Scheme 3.1. Tyrosine conjugation using triazabutadiene 

 The triazabutadiene scaffold required facile functionalization chemistries in the 

development of biochemical probes or for utilization in materials chemistry. Click 

chemistry,92 a term coined by Sharpless in 2001,  refers to reactions that  are fast, high 

yielding, and functional group tolerant. Copper-catalyzed azide alkyne (CuAAc) reaction 

is a classic click reaction that yields five membered heterocycles from azides and terminal 

alkynes.93 Compared to the uncatalyzed version, this reaction occurs at greatly enhanced 

rates, is unperturbed by aqueous conditions, and occurs over a wide range of temperatures 

and pH.94 These attributes made this reaction appealing for optimization towards 

generalizable triazabutadiene functionalization.  

 Recent mechanistic work has shed light on how these reactions proceed.95 This 

click reaction occurs through formation of a copper acetylide, which binds with the azide 

after loss of another ligand to form a six-membered copper (III) metallacycle. Ring 

contraction occurs after, to form the five membered triazole, which gets protonated to yield 

the compound.93 This reaction had not been previously reported to successfully occur on 
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triazabutadiene scaffolds. The structure and alignment of the three nitrogen atoms on the 

scaffold indicate a possible coordination event with metal ions. A close comparison to the 

imidazolium triazabutadiene scaffold metal interaction, was demonstrated by the Arnold 

group, through an insertion reaction of adamantly azide into metal-carbene bonds of 

imidazolidines lanthanide complexes.96 

Therefore, when it came to designing copper click functionalization reactions, an 

additional concern was the possibility of copper interacting with the triazabutadiene. These 

compounds exhibited light induced basicity, observed by a spike in pH, due to the 

formation of the Z-isomer. This basicity was rescinded upon removal of the light source 

from the water solution of the triazabutadiene, which was explained by the thermal 

reversion to the less basic E-isomer.  It was observed that phenyl triazabutadiene 106 

exhibited a metal-induced acceleration of the thermal reversion. Although a coordination 

complex was not isolable, it was concluded that there was an interaction between metal 

ions such as Cu(II) with the triazabutadiene (Figure 3.3).89  

Figure 3.3. Copper II catalyzed thermal reversion of Z-isomer to E-isomer 
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 The copper-click reaction was optimized by Brandon Cornali,97 where the 

reactivity was enhanced using the ligand pentamethyldiethylenetriamine and catalyzed by 

copper iodide. Using this chemistry, triazabutadiene fluorophore 128 was designed and 

synthesized. The nitrobenzoxadiazole (NBD) fluorophore was chosen due to its small size, 

strong fluorescence, and high environmental sensitivity.98,99 The azide derivative of this 

fluorophore 127 was clicked onto the triazabutadiene through an alkyne substituent off 

triazabutadiene 126  to form a triazabutadiene fluorophore 128 (Scheme 3.2).  

 

Scheme 3.2. Retrosynthesis of the triazabutadiene fluorophore 

 Using this fluorophore, it was possible to achieve pH-dependent fluorescent 

labeling.  The probe deployed benzene diazonium salts to the surface of bovine serum 

albumin (BSA), which was the chosen model protein for testing out the probe. The azo 

bonds formed were subsequently reduced using sodium dithionite cleaving off the 

fluorescent moiety, as shown by gel-electrophoresis and fluorescence imaging (Scheme 
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3.3). This work is discussed in detail, in a soon to be published manuscript and 

subsequently in Brandon Cornali’s dissertation.97 

Scheme 3.3. Fluorescence labeling of BSA with triazabutadiene 128

3.2. Synthesis of a lysine-reactive triazabutadiene 

The triazabutadiene scaffold also introduced a novel strategy in the utilization of 

diazonium chemistry in chemical biology. By conjugating the triazabutadiene compound 

onto the surface of proteins, more complex bioconjugation reactions were made possible. 

The mild release of a reactive species on the surface of proteins, in this case aryl 

diazoniums would lead to crosslinking events that would allow for protein-protein 

interaction studies. An electrophilic site would be required on the triazabutadiene scaffold 

and depending on the electrophile, the nucleophile could range from lysine residues or 

cysteine residues based on the level of selectivity required (Scheme 3.4). 
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Scheme 3.4. Triazabutadiene labeling of protein surface

The NHS ester group is used to attach small molecules onto protein or peptide 

surfaces through the reaction with lysine residues. It is referred to as non-specific labeling 

due to the high prevalence of surface-exposed lysine residues compared to other amino 

acid residues.56 When specificity is not a requirement, this bioconjugation technique is 

quick and reliable, offering at least twenty attachment sites on a given protein of interest.55 

Lysine-reactive probe 134 was synthesized from methyl ester substituted 

triazabutadiene 132, which came from coupling the methyl ester benzoic acid azide to the 

1,3-bismesityl NHC carbene through deprotonation of the salt precursor. Once formed, the 

triazabutadiene was warmed to reflux in a methanolic solution with potassium hydroxide 

to give K-salt triazabutadiene 133. After a work-up and solvent swap the salt was treated 
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to classical coupling techniques to install the NHS ester onto the triazabutadiene scaffold 

to give triazabutadiene-NHS compound 134 (Scheme 3.5). 

Scheme 3.5. Synthesis of lysine reactive triazabutadiene 134

The compound was not soluble in water, but it was reasoned that the water 

solubility would be imparted once the compound was attached to a biomolecule. The 

compound would however need to be introduced to the biomolecule in water through a 

DMSO solution, keeping the overall concentration below 0.1% to maintain proper protein 

folding.  

3.2.1. Triazabutadiene protein labeling 

The probe synthesized was utilized in biochemical experiments by Stephanie 

Jensen. An assay was developed using BSA as a model protein where compound 134 was 

attached to the protein surface via lysine residues. To show that the triazabutadiene was 
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successfully attached, modified fluorophores with electronic rich phenyl groups were 

synthesized which would react with the formed benzene diazonium compounds. The 

nitrobenzoxadiazole fluorophore core was modified through the nucleophilic addition of 

the tyrosine amino group, 135, onto the core of 4-chloro-7-nitrobenzofurazan (136) to give 

the tyrosine-NBD fluorophore, 137. The resorcinol derived phenol-NBD, 139, was thought 

to have higher reactivity when compared to tyrosine and would outcompete the 

dimerization reaction with the tyrosine residues on the protein under study. It was 

synthesized through a copper-catalyzed click reaction with alkyne substituted resorcinol 

138 and azide-NBD compound 127 (Scheme 3.6).100 

 

Scheme 3.6. Synthesis of tyrosine-NBD and phenol-NBD fluorophores 

 Similar to previous experiments done with the triazabutadiene fluorophore, 128, 

BSA was chosen as the model protein to test the reactivity of the lysine-reactive NHS-
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triazabutadiene, 134. After reduction and alkylation protocols to minimized background 

reactivity, the protein was treated with the compound in basic HEPES buffer for about 15 

minutes before the excess compound was quenched with basic TRIS buffer. To confirm 

the successful labeling of the protein surface was successful, the tyrosine fluorophore, 137, 

was added in excess and the pH reduced to 5. Surprisingly, no labeling was observed over 

a 5 hour period at this lower pH, presumably due to a lowered reactivity of the compound 

because of proximity to the hydrophobic surface of the protein (Scheme 3.7).100 

Scheme 3.7. Investigation of the lysine reactive TBD labeling of BSA by lowering the 

pH

To get around the low reactivity of the triazabutadiene that was observed by the 

lowering of pH, the modified protein and tyrosine-fluorophore mixture was irradiated with 

a 350 nm light source. It was previously demonstrated that light can be used as an 

alternative to acid in formation of diazonium compounds in neutral to basic solutions (see 
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Chapter 2). Gratifyingly, light-dependent fluorescent labeling was observed, which was 

confirmed by the capture of protein surface benzene diazonium with tyrosine fluorophore 

137 (Scheme 3.8). Additional experiments indicate that this time-dependent labeling is 

observed within a minute of light being applied to the assayed protein, with increased 

fluorescence being observed as a function of both the concentration of  lysine-reactive 

compound 134 and time of irradiation.100 
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Scheme 3.8. Labeling of BSA with NHS-triazabutadiene 134 and light induced 

fluorophore labeling 

 Further studies were carried out using this lysine-reactive compound to test the 

ability of viral surface labeling. Triazabutadiene-labeled dengue virus was mixed with 

tyrosine fluorophore 137 and, after 30 seconds irradiation with 350 nm light, labeling was 

observed. Longer irradiation was found to result in dimerization of the viral proteins caused 

by the coupling of liberated diazonium with tyrosine residues from the closely packed 

neighboring proteins. Further experiments were carried out to demonstrate the capability 
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of this technology to capture an interacting protein, where an antibody specific to dengue 

E protein was utilized.100 

Figure 3.4. Labeling of viral surface of dengue with NHS-triazabutadiene 134

3.3. Synthesis of epoxy triazabutadienes 

Epoxides are electrophilic groups that are stable in neutral conditions and allow 

applications in aqueous and non-aqueous solutions, especially in bioconjugation and 

materials applications.101,102  Installation of this electrophilic site on the triazabutadiene, 

introduces a new bioconjugation approach as well as opportunities for attachment onto 

surfaces for materials applications.  

The synthesis of an epoxy triazabutadiene was accomplished by prior installation 

of the group onto 4-azidobenzyl alcohol (140) using epichlorohydrin under phase transfer 

conditions. Epoxy-azide 141 was isolated in acceptable yields and was coupled onto a 1,3-

bismesityl imidazolium chloride, using sodium hydride as the base to prevent the epoxy 

ring opening, as would have been probable with potassium tert-butoxide. The epoxy 

triazabutadiene, 143, was isolated in good yields as a yellow powder (Scheme 3.9).  
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Scheme 3.9. Synthesis of epoxy-triazabutadiene 143 

Having an epoxy group on the triazabutadiene will allow further functionalization 

due to the abundance of epoxy ring opening reactions utilizing various nucleophiles. In the 

course of this work, similar epoxy triazabutadienes have also been synthesized, which 

show the versatility of the functional group in further modifying the triazabutadiene. 

Alkyne-epoxy triazabutadiene 146 and 147 would allow attachment of two groups on the 

scaffold utilizing orthogonal chemistries resulting in a bifunctional scaffold (Figure 3.9). 
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Figure 3.5. Epoxy functionalized triazabutadienes 

3.4. Summary and outlook 

The use of triazabutadiene-based scaffolds as probes for chemical biology is in its 

inception stages. It was demonstrated that the scaffold can be designed for labeling 

tyrosine residues on protein surfaces using both acid and light as reagents. Additionally, 

the functional group was used as a protecting group for benzene diazonium compounds, 

enabling selective crosslinking studies with both BSA protein and dengue virus. It is 

expected that further studies and development of the probe will result in the use of the 

scaffold as a pH probe for the crosslinking of dengue to interacting proteins during the 

infection process.   
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TRIAZABUTADIENES AS REAGENTS FOR CARBOXYLIC ACID 

ESTERIFICATION 

4.1 Esterification and diazonium chemistry 

Mild esterification of carboxylic acids is most commonly achieved through 

treatment with diazomethane or (trimethylsilyl)diazomethane. This reaction exclusively 

leads to formation of carboxylic acid methyl esters or homologation products.70,72 Linear 

triazene compounds can esterify carboxylic acids as well as sulfonic acids simply by 

mixing the two components at room temperature in aprotic solvents.78,78 It was, therefore, 

worthwhile to investigate the reaction of alkyl triazabutadienes with carboxylic acid, to 

attempt a similar transformation. Alkyl triazabutadiene compounds are synthetically 

accessible from the coupling reaction of NHC salts and alkyl azides.37  

4.1.1. Synthesis of alkyl triazabutadiene 

To test the reactivity of the compounds, alkyl triazabutadiene 152 was synthesized 

from hexyl azide (148), and 1,3-diethylimidazolium salt 149. Organic azides are potentially 

explosive, with this risk being directly proportional to the size of the compound 103 and, for 

this reason,  the organic azide size was not lower than six carbon atoms. The azide was 

synthesized by nucleophilic substitution of hexyl bromide with sodium azide and  catalyzed 

by sodium iodide.104 The NHC salt precursor was synthesized by alkylation of imidazole 

using ethyl bromide to yield an ionic liquid (Scheme 4.1). This compound was preferred 

over the more commonly utilized 1,3-bismethyl, and 1,3-bisisopropyl imidazolium salts 

due to its less hygroscopic nature, when compared to 1,3-bismethyl imidazolium salt (153), 

and ease of synthesis when compared to 1,3-bisisopropyl salts (154) (Figure 4.1). The 

CHAPTER 4
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triazabutadiene was synthesized by deprotonating NHC salt 151, suspended in THF in the 

presence of hexyl azide. The compound was isolated as a yellow to orange oil in good 

yields (Scheme 4.1). 

Scheme 4.1. Synthesis of hexyl triazabutadiene 157

Figure 4.1. More commonly used alkyl NHC precursors

Hexyl triazabutadiene 152 was initially thought to be thermally unstable, especially 

when in solution, changing color from a yellow solution once dissolved to dark orange over 

time. However an NMR sample in deuterated chloroform did not seem to degrade over a 

24 hour period.  

4.1.2. Esterification of benzoic acid 

A solution of the hexyl triazabutadiene, 152, in dichloromethane was mixed with 

equimolar benzoic acid (155) and stirred at room temperature. Bubbling was observed as 
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the reaction proceeded, which was attributed to the formation of nitrogen gas. Upon 

working up the reaction, hexyl benzoate (156) was isolated, alongside unreacted hexyl 

triazabutadiene and benzoic acid, as well as the product of degradation, the 1,3-bisethyl 

guanidine (Scheme 4.2). 

Scheme 4.2. Esterification of benzoic acid with hexyl triazabutadiene

The low conversion and yield of this reaction prompted the use of increased 

amounts of triazabutadiene. This, however, led to a similar yield of the ester, with the 

unreacted compounds being isolated after the work up. Interestingly, following the reaction 

by TLC indicated complete consumption of benzoic acid in the course of the reaction. A 

crude NMR of the reaction mixture showed the presence of the ester as well as what seemed 

to be the guanidine with a benzoate counter-ion. This explained the TLC experiment, which 

showed the consumption of benzoic acid, where, the work-up conditions, would result in 

the hydrolysis of the guanidine-benzoate compound giving back the benzoic acid. The 

mechanism of the degradation, (Scheme 4.3), shows that the triazabutadiene requires 

activation through benzoic acid protonation. This leads to the degradation, forming a 

hexanediazonium salt, 160, which undergoes nucleophilic substitution with the benzoate 

to form the ester. The guanidine byproduct, 159, was hypothesized to stop the reaction 
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resulting in the low conversion. The high pKa of this guanidine compound allows the 

deprotonation of the benzoic acid to form the guanidine-benzoate compound observed by 

NMR. The triazabutadiene requires activation through protonation for the reaction to 

proceed and the fact that the reaction stops, indicates the guanidine is a stronger base than 

the triazabutadiene. This was confirmed through the water-based triazabutadiene work (see 

Chapter 2). 

 

 

Scheme 4.3. Mechanism of benzoic acid esterification with 152  

 A secondary activator was investigated for this system to prevent the reaction from 

halting due to the guanidine reactivity. The activator needed to be nucleophilic to react 

with the triazabutadiene. Tosyl isothiocyanate was found to be electrophilic enough to 

alkylate the triazabutadiene and had similar reversibility to acid protonation, where the 

alkylation would equilibrate between stable N1 species to the reactive N3 species (Scheme 

4.5).  When equimolar tosyl isothiocyanate was premixed with triazabutadiene in ethereal 
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solutions, a precipitate was observed, presumably, as a result of the formation of the salts. 

To this suspension, the benzoic acid was introduced, which caused the precipitate to go 

back into solution. After work up, the ester was isolated in good yields, proving the 

compound to be a successful activator for the alkyl triazabutadiene systems. By premixing 

the triazabutadiene and the isothiocyanate, it is expected that undesired reactivity with the 

species being alkylated would be prevented. 

Scheme 4.4. Esterification of benzoic acid with activated triazabutadiene 152

Scheme 4.5. Activation of hexyl triazabutadiene with tosyl isothiocynate 

It was also demonstrated that Amberlyst-15 resin could also be utilized as a 

secondary activator of the esterification reaction. In reactions run with the triazabutadiene 
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in excess, addition of the acidic resin resulted in an increase in yield of the ester. Further 

investigations into the use of more titratable source of protons are currently ongoing. 

 In addition to the hexyl triazabutadienes, two other alkyl triazabutadienes were 

synthesized to further investigate the mechanistic aspects of the esterification reaction. 

Synthesizing the triazabutadiene using cis and trans 4-tert-butylcyclohexylazide would 

result in triazabutadienes 167 and 170 which upon activation would give diazo compounds 

168 and 171 (Scheme 4.6). Analysis of the products after treatment with benzoic acid 

would give insight into the type of substitution mechanism likely for this particular type of 

triazabutadiene.  

 The tert-butyl group large A-value105 ensures a strong preference to be in the 

equatorial position allowing study of conformational biased reactions.106  If the loss of the 

diazonium group goes through a SN2 or E2 mechanism, the resulting products would reflect 

selectivity towards the elimination product for diazonium 168 and selectivity towards the 

substitution product for diazonium product 171. However, if the mechanism goes through 

SN1 or E1, there would be no observable selectivity of the products isolated. An SN1 

mechanism would lead to a mixture of ester isomers, due to the planarity of the carbocation 

formed, while an E1 mechanism would lead to the elimination products being observed for 

both the trans and cis diazonium compounds.  
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Scheme 4.6. Synthesis of cyclohexyl triazabutadiene and resulting diazo compounds after 

activation of triazabutadienes 

When a solution of the cis 4-tert-butylcyclohexyl triazabutadiene compound, 167, 

was treated with equimolar benzoic acid, a lot of bubbling was immediately observed. The 

reaction mixture was purified and the product was shown to be 4-(tert-butyl)cyclohex-1-

ene with all the triazabutadiene compound consumed (Scheme 4.7). It was expected that 

the axial conformation of diazonium compound 168 would result in the elimination 

pathway being favored over the substitution to form the ester. The trans 4-tert-

butylcyclohexyl triazabutadiene, 170, was subjected to the same reaction conditions and it 

was observed that there was minimal, if any, bubbling after the addition of the acid. The 

crude mixture of this reaction revealed that only about 25% of the triazabutadiene had been 

consumed. There was also a mixture of ester and alkene, roughly occurring in a 2:1 ratio 

with the ester being the major product.  
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The observed slower rate of reaction as well as product distribution for the trans 

compound, 170, could be explained by the conformation of the formed diazonium 

compound, 171. Elimination reactions require an anti-orientation of the leaving group and 

the abstracted hydrogen, which is not possible for diazonium 171. This results in 

substitution reaction being observed and, due to the complications of the guanidine by-

product deprotonating the benzoic acid, the reaction does not go to completion. The alkene 

product, 172, observed could be a result of an E-1 mechanism after the loss of the 

diazonium due to the slow rate of substitution.  

Scheme 4.7. Reaction of cis and trans 4-tertbutyl cyclohexyl triazabutadiene with 

benzoic acid 

4.2. Mild synthesis of triazabutadienes 

During the study of triazabutadienes and in the course of developing the utility of 

these compounds, limitations were observed in terms of substrates selection, due to the use 
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of strong bases in triazabutadiene synthesis. A novel synthesis of triazabutadienes was 

therefore demonstrated. A silyl group substituted NHC salt, 176, was synthesized by 

alkylation of 2-(tert-butyldimethylsilyl)-1-methylimidazole (175).This compound was 

treated with a fluoride source in the presence of phenyl azide to yield triazabutadiene 89 

(Scheme 4.8). This alternative way to synthesize triazabutadiene compounds will allow the 

use of azides with base sensitive substituents, reducing reaction steps in cases where 

protection-deprotection strategies are required as well as increasing the substrate scope and 

types of triazabutadienes that can be synthesized.  

Scheme 4.8. Synthesis of triazabutadienes using fluoride derived carbenes 

4.3. Summary and outlook 

The limitations to esterification observed when hexyl triazabutadiene was used as 

diazo precursor has led to attempts towards different applications. Development of alkene 

and ether synthesis is in progress where various methods of activation are under 

investigation. It is expected that by synthesizing triazabutadienes with more complex azide 

starting groups will demonstrate this technology as a mild way to install ethers and alkene 
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groups. Choosing an effective electrophilic activator is pivotal to the success of this 

application where high functional group compatibility is required. In addition to this, 

development of mild synthesis of triazabutadienes will allow synthesis of triazabutadiene 

from azide precursors with base sensitive groups. Triazabutadienes with different 

substituents imparting sterics or electronic perturbations on the imidazole core should be 

investigated as they could have interesting reactivity in esterification and alkylation 

reactions.     
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 EXPERIMENTAL SECTION 

5.1. Experimental conditions and characterizations 

5.1.1. 1, 3-dimethyl-1-H-imidazol-3-ium iodide (87) 

To a solution of N-methylimidazole (2.1 g, 25.6 mmol, 1.0 equiv) in dry toluene (6 mL), 

was added methyl iodide (5.4 g, 38.3 mmol, and 1.5 equiv) and the mixture allowed to stir 

in a capped vial for 12 hours at room temperature. A precipitate was observed, which was 

filtered off and washed with anhydrous diethyl ether, dried in a vacuum oven to yield the 

desired compound as a brown powder (4.93 g, 86%).1H NMR (500 MHz, (CD3)2SO); δ 

9.12 – 9.09 (m, 1H), 7.73 – 7.69 (m, 2H), 3.85 (s, 7H). 13C NMR (125 MHz, (CD3)2SO); δ 

136.7, 123.1, 35.8. 

5.1.2. 3-(3-methyl-1H-imidazol-3-ium-1-yl) propane-1-sulfonate (95) 

To a solution of N-methylimidazole (0.15 g, 1.8 mmol 1.0 equiv) in dry toluene (6 mL) 

was added 1, 3-propanesultone (0.46 g, 3.6 mmol 2.0 equiv) and the mixture was stirred at 

ambient temperature for 16 h. A precipitate was observed which was collected by filtration. 

The precipitate was washed with diethyl ether and dried using a vacuum oven to yield the 

compound as a white powder (0.283 g, 74%).1H NMR (500 MHz, (CD3)2SO,); δ 9.10 (tt, 

J = 1.5, 0.7 Hz, 1H), 7.77 (t, J = 1.8 Hz, 1H), 7.68 (t, J = 1.8 Hz, 1H), 4.30 (t, J = 6.9 Hz, 

2H), 3.84 (d, J = 0.5 Hz, 3H), 2.40 (dd, J = 7.6, 6.8 Hz, 2H), 2.11 – 2.05 (m, 2H). 13C NMR 
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(125 MHz, (CD3)2SO); δ 136.7, 123.5, 122.3, 47.7, 47.2, 35.7, 26.2. HRMS calculated for 

C7H11N2O3S 203.04959, measured 203.04967  

5.1.3. 3-(3-(tert-butyl)-1H-imidazol-3-ium-1-yl) propane-1-sulfonate (101) 

 

 
 

32 % (20 mmol) glyoxal solution, 36 % (20 mmol) formaldehyde solution and 50 mL 

methanol were added to 100 mL round-bottom flask, then well stirred and heated to 70 °C. 

(20 mmol) amine and 25 % (20 mmol) ammonia were added into the solution respectively 

with stirring. After dropping, the reaction was continued for 4 h, and evaporated to remove 

methane, then the residue was poured into ice water. The mixture was extracted with ethyl 

acetate, dried over with anhydrous magnesium sulfate and concentrated, then the remainder 

was partially purified by column chromatography.83 The crude product was dissolved in 

toluene and 1.4 equiv. of propane sultone (2.86 g) and the reaction mixture refluxed for 16 

h. An off-white precipitate was observed and on cooling, was isolated as the NHC salt 

(1.654 g, 67%). 1H NMR (500 MHz, (CD3)2SO) δ 9.27 (t, J = 1.7 Hz, 1H), 8.01 (t, J = 1.9 

Hz, 1H), 7.86 (t, J = 1.8 Hz, 1H), 4.28 (t, J = 7.1 Hz, 2H), 2.46 – 2.38 (m, 2H), 2.18 – 2.06 

(m, 2H), 1.59 (s, 9H). 13C NMR (125 MHz, (CD3)2SO) δ 135.05, 123.11, 120.64, 59.83, 

48.53, 48.07, 29.47, 26.69. HRMS C10H18N2O3S [M-H]- measured 245.09649 

5.1.4. 3-(1-mesityl-1H-imidazol-3-ium-3-yl) propane-1-sulfonate (96) 

 

 
 

To a solution of 1-mesityl-1-H-imidazole 83 (1.00 g, 5.36 mmol 1 equiv.) in dry toluene (30 

mL) was added 1,3-propanesultone (1.00 g, 8.18 mmol, 1.53 equiv.) and the mixture was 
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heated to reflux 16 h. A precipitate was observed. The mixture was allowed to cool to room 

temperature and the precipitate was collected by filtration. The precipitate was washed with 

diethyl ether and dried using a vacuum oven to yield the compound as an off white powder 

(1.40 g, 84%).1H NMR (500 MHz, D2O); δ 9.01 (t, J = 1.6 Hz, 1H), 7.84 (t, J = 1.8 Hz, 

1H), 7.58 (t, J = 1.8 Hz, 1H), 7.15 (s, 2H), 4.53 (t, J = 7.1 Hz, 2H), 2.97 (dd, J = 8.0, 6.7 

Hz, 2H), 2.47 – 2.40 (m, 2H), 2.34 (s, 3H), 2.05 (s, 6H).  13C NMR (125 MHz, D2O); δ 

141.4, 136.5, 134.6, 130.7, 129.2, 124.3, 123.0, 48.1, 47.1, 25.0, 20.1, 16.2. HRMS 

calculated for C15H19N2O3S [M-H]- 307.11219, measured 307.11214 

 

5.2. General Procedure for Triazabutadiene formation  

General procedure A37 

An organic azide (1.2 equiv.) was added in one portion to a slurry of the imidazolium salt 

(1 equiv.) in dry tetrahydrofuran (THF) (approx. concentration 0.2M). To this mixture, 

potassium tert-butoxide or sodium hydride (1 equiv) was added. The mixture was stirred 

for 4 hours, after which 1 mL of hexanes was added and the reaction mixture filtered over 

celite. Solvent was removed from the filtrate to yield desired compound.  

General procedure B 40 

Potassium tert-butoxide (1 equiv.) was added to a mixture of organic azide (1 equiv.) and 

the imidazolium salt (1 equiv.) in dry THF (approx. concentration 0.063 M) at −78 °C, 

under argon. After 10 minutes the mixture was removed from the bath and left to stir at 

room temperature for 24 hours. The precipitate observed was removed by filtration. The 

filtrate was concentrated under reduced pressure and the residue recrystallized using 

methanol. 
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5.2.1. 1, 3-dimethyl-2-(phenyltriaz-2-en-1-ylidene)-2, 3-dihydro-1H-imidazole (89) 

 

 
 

According to general procedure A , a slurry of 1,3-dimethyl-1-H-imidazol-3-ium iodide 

(0.295 g, 1.31 mmol, 1 equiv) in dry THF (6 mL), was added a solution of phenyl azide107 

(0.18 g, 1.0 mmol, 1.2 equiv). To this solution, KO-t-Bu (0.147 g, 1.31 mmol, 1.0 equiv) 

was added in one portion and the resulting mixture was stirred under argon for 4 hours, at 

ambient temperature. Hexanes (1 mL) was then added and the reaction mixture was filtered 

over celite. Solvent was removed to give the desired product as a yellow powder (0.185 g, 

65%).1H NMR (500 MHz, CDCl3); δ 7.55 – 7.49 (m, 2H), 7.36 – 7.32 (m, 2H), 7.17 – 7.13 

(m, 1H), 6.44 (s, 2H), 3.71 (s, 6H).13C NMR (125 MHz, CDCl3); δ 152.3, 152.1, 128.8, 

125.6, 121.1, 116.5, 35.8. HRMS calculated for C11H14N5 [M+H]+ 216.12437, measured 

216.12442. 

5.2.2. Potassium 3-((E)-3-methyl-2-((E)-phenyltriaz-2-en-1-ylidene)-2, 3-dihydro-

1H-imidazol-1-yl) propane-1-sulfonate (96) 

 

 
 

General procedure A was followed with minor modification. To a slurry of 3-(3-methyl-

1H-imidazol-3-ium-1-yl) propane-1-sulfonate (95) (0.061 g, 0.3 mmol 1 equiv) in dry THF 

(3 mL), was added a solution of phenyl azide107 in THF (0.3 mL, 1 M, 0.3 mmol, 1 equiv). 

To this mixture KO-t-Bu (0.044 g, 0.39 mmol, 1.3 equiv) was added in one portion and the 

resulting mixture was stirred under argon for 4 hours, at room temperature. The reaction 

mixture was gravity filtered. The solvent was removed from the filtrate and the residue 
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taken up in a minimal amount of dichloromethane (DCM) and triturated with hexanes. The 

fine yellow powder that formed was isolated by centrifugation (0.044 g, 41%).1H NMR 

(500 MHz, (CD3)2SO); ) δ 7.37 – 7.28 (m, 4H), 7.09 (m, 1H), 7.04 (d, J = 2.4 Hz, 1H), 

6.99 (d, J = 2.4 Hz, 1H), 4.10 (t, J = 6.9 Hz, 2H), 3.63 (s, 3H), 2.44 (dd, J = 8.5, 6.4 Hz, 

2H), 2.00 (m, 2H). 13C NMR (125 MHz, (CD3)2SO); 152.7, 151.2, 129.2, 125.1, 120.7, 

117.9, 116.8, 48.3, 46.0, 36.1, 26.0.HRMS calculated for C13H16N5O3S [M-H] - 322.09793, 

measured 322.09780 IR (NaCl) = 1559 (s), 1395-1361 (br, s), 1273-1180 (s), 1046 (s) 765 

(w). 

5.2.3. Potassium 3-((E)-3-(tert-butyl)-2-((E)-phenyltriaz-2-en-1-ylidene)-2,3-dihydro-

1H-imidazol-1-yl)propane-1-sulfonate (105) 

 

 

To a slurry of 3-(1-tbutyl-1H-imidazol-3-ium-3-yl) propane-1-sulfonate (0.45 mmol, 110 

mg) in dry THF (6 mL), a 1M solution of phenyl azide in THF (0.45 mmol, 0.45mL) was 

added. In one portion, 1.3 equivalents KO-t-Bu (0.53 mmol, 65 mg) was added to the 

reaction vessel and the resulting mixture was stirred under argon for 3 hours. Hexanes (1 

mL) were then added and the reaction mixture was filtered to collect the filtrate. Solvent 

was removed and the residue taken up in a minimal amount of DCM and on trituration with 

hexanes, pure product was obtained by filtration as a yellow powder (146 mg, 81.2%). 1H 

NMR (500 MHz, (CD3)2SO) δ 7.33 – 7.29 (m, 4H), 7.09 (d, J = 2.6 Hz, 1H), 7.08 – 7.05 

(m, 1H), 4.24 (dt, J = 11.5, 6.9 Hz, 2H), 2.43 – 2.34 (m, 2H), 2.01 (dq, J = 9.8, 6.9 Hz, 

2H), 1.62 (s, 9H). 13C NMR (125 MHz, (CD3)2SO) δ 152.62, 150.76, 128.79, 124.46, 
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120.14, 117.05, 112.88, 57.69, 48.43, 47.79, 28.23, 26.04. HRMS C16H22N5O3S [M-H]- 

measured 364.14481. 

5.2.4. Potassium 3-(3-mesityl-2-(phenyltriaz-2-en-1-ylidene)-2, 3-dihydro-1H-

imidazol-1-yl) propane-1-sulfonate (106) 

 

 
 

General procedure A was followed with minor modification .To a slurry of 3-(1-mesityl-

1H-imidazol-3-ium-3-yl) propane-1-sulfonate (104) (0.05 g, 0.16 mmol 1 equiv) in dry 

THF (3 mL), was added a solution of phenyl azide in THF (0.16 mL, 1 M, 0.16 mmol, 1 

equiv). To the solution was added KO-t-Bu (0.024 g, 0.21 mmol, 1.3 equiv) in one portion 

and the resulting mixture was stirred under argon for 4 hours, at room temperature. The 

reaction mixture was gravity filtered, and the solvent removed from the recovered filtrate 

to give a yellow residue. The residue was taken up in a minimal amount of DCM and on 

trituration with hexanes, pure product was obtained by filtration as a yellow powder (0.061 

g, 81%). 1H NMR (500 MHz, (CD3)2SO); δ 7.32 – 7.27 (m, 1H), 7.05 – 7.00 (m, 4H), 6.97 

– 6.92 (m, 1H), 6.83 (d, J = 2.4 Hz, 1H), 6.49 – 6.46 (m, 2H), 4.07 (t, J = 7.1 Hz, 2H), 2.52 

– 2.47 (m, 2H, overlapped , (CD3)2SO), 2.32 (s, 3H), 2.10 – 2.03 (m, 2H), 1.93 (s, 6H). 13C 

NMR (125 MHz, (CD3)2SO); δ 151.7, 150.6, 137.4, 135.6, 133.8, 128.8, 128.1, 124.7, 

120.4, 117.1, 116.7, 48.0, 44.5, 25.3, 20.5, 17.4.HRMS C21H24N5O3S [M-H]-measured 

426.16035IR (NaCl) = 1537 (s), 1470 (s), 1396-1355 (s), 1306 (w), 1256-1149 (s, br), 1044 

(s), 763 (w). 

5.2.5. Potassium 3-((Z)-3-mesityl-2-((E)-(4-methoxyphenyl) triaz-2-en-1-ylidene)-2, 

3-dihydro-1H-imidazol-1-yl) propane-1-sulfonate (110) 
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General procedure A was followed with minor modification. To a slurry of 3-(1-mesityl-

1H-imidazol-3-ium-3-yl) propane-1-sulfonate (104) (0.1 g, 0.32 mmol, 1 equiv) in dry 

THF (3 mL), was added a solution of 1-azido-4-methoxy benzene107  in THF (0.32 mL, 1 

M, 0.32 mmol, 1 equiv). To the solution was added KO-t-Bu (0.048 mg, 0.42 mmol, 1.3 

equiv) in one portion and the resulting mixture was stirred under argon for 4 hours, at room 

temperature. The reaction mixture was gravity filtered and the solvent removed from the 

recovered filtrate to give an orange residue. The residue recrystallized in a DCM/Hexane 

system to give the desired compound as orange powder (0.109 g, 67%). 1H NMR (500 

MHz, (CD3)2SO); δ 7.25 – 7.20 (m, 1H), 6.99 (s, 2H), 6.75 (d, J = 2.4 Hz, 1H), 6.60 – 6.55 

(m, 2H), 6.44 – 6.40 (m, 2H), 4.02 (t, J = 7.1 Hz, 2H), 3.66 (s, 3H), 2.52 – 2.45 (m, 2H, 

overlapped , (CD3)2SO), 2.30 (s, 3H), 2.10 – 1.98 (m, 2H),  1.92 (s, 6H). 13C NMR (125 

MHz, (CD3)2SO); δ 157.0, 150.6, 145.3, 137.3, 135.8, 133.8, 128.7, 121.4, 116.8, 116.4, 

113.3, 55.0, 48.0, 44.4, 25.2, 20.5, 17.4. HRMS calculated for C22H26N5O4S [M-H]- 

456.17110, measured 456.17113 IR (NaCl) = 1530 (s), 1502-1471 (s), 1392-1357 (s), 1308 

(w), 1244 -1154 (s), 1044 (s), 834 (w). 

 

5.2.6. Potassium 3-((Z)-3-mesityl-2-((E)-(4-nitrophenyl) triaz-2-en-1-ylidene)-2, 3-

dihydro-1H-imidazol-1-yl) propane-1-sulfonate (111) 
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General procedure B was followed with minor modifications. To a slurry of 3-(1-mesityl-

1H-imidazol-3-ium-3-yl) propane-1-sulfonate (104) (0.194 g, 0.63 mmol 1 equiv) in dry 

THF (10 mL), was added 1-azido-4-nitrobenzene107 (0.08g, 0.63 mmol, 1 equiv). The 

mixture was cooled to −78 °C, and KO-t-Bu (0.092 g, 0.82 mmol 1.3 equiv) added slowly. 

The mixture was allowed to warm to room temperature as it stirred for 16 h. Excess hexanes 

were then added precipitating the product out of solution. The red precipitate was filtered 

and washed with more hexanes (10 mL) and dried in a vacuum oven to constant weight 

(0.289 g, 90%).1H NMR (500 MHz, (CD3)2SO); δ 7.90 – 7.83 (m, 2H), 7.52 – 7.48 (m, 

1H), 7.11 – 7.04 (m, 3H), 6.56 (dt, J = 9.9, 2.1 Hz, 2H), 4.16 (t, J = 7.2 Hz, 2H), 2.53 – 

2.45 (m, 2H, overlapped), 2.35 (s, 2H), 2.14 – 2.04 (m, 2H), 1.93 (s, 6H).13C NMR (125 

MHz, (CD3)2SO); δ 157.8, 149.6, 142.9, 137.9, 135.0, 133.6, 129.0, 124.1, 120.1, 118.2, 

118.0, 47.9, 45.0, 25.5, 20.5, 17.3. HRMS calculated for C21H23N6O5S [M-H] - 471.14561, 

measured 471.14503 IR (NaCl) = 1586 (w), 1327-1318 (s), 1290-1262 (s), 1195-1180 (s), 

1102 (s), 1044 (s), 854 (s), 757 (w) 

5.2.7. Potassium 3-((E)-3-mesityl-2-((E)-(3-nitrophenyl)triaz-2-en-1-ylidene)-2,3-

dihydro-1H-imidazol-1-yl)propane-1-sulfonate (116) 
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General procedure B was followed with minor modifications. To a slurry of 3-(1-mesityl-

1H-imidazol-3-ium-3-yl) propane-1-sulfonate (104) (0.097 g, 0.31 mmol 1 equiv) in dry 

THF (10 mL), was added 1-azido-3-nitrobenzene 107 (0.051 g, 0.31 mmol, 1 equiv). The 

mixture was cooled to −78 °C, and KO-t-Bu (0.045 g, 0.82 mmol 1.3 equiv) added slowly. 

The mixture was allowed to warm to room temperature as it stirred for 16 h. Excess hexanes 

were then added precipitating the product out of solution. The green-yellow precipitate was 

filtered and washed with more hexanes (10 mL) and dried in a vacuum oven to constant 

weight (0.121 g, 75%). 1H NMR (500 MHz, (CD3)2SO); δ 7.77 (ddd, J = 8.1, 2.4, 1.0 Hz, 

1H), 7.42 (d, J = 2.4 Hz, 1H), 7.37 (t, J = 2.1 Hz, 1H), 7.30 (t, J = 8.1 Hz, 1H), 7.01 (s, 2H) 

, 6.96 (d, J = 2.4 Hz, 1H), 6.81 (ddd, J = 8.0, 1.9, 1.0 Hz, 1H), 4.12 (t, J = 7.1 Hz, 2H), 

2.50 – 2.46 (m, 2H), 2.25 (s, 3H), 2.09 (dq, J = 9.5, 7.3 Hz, 2H), 1.96 (s, 6H).13C NMR 

(125 MHz, (CD3)2SO); δ 170.7, 167.6, 165.9, 155.2, 152.9, 151.1, 146.8, 146.3, 143.9, 

136.1, 135.2, 134.9, 131.2, 65.4, 62.2, 42.8, 37.9, 34.8. HRMS calculated for C21H23N6O5S 

[M+H] + 511.11605 Measured 511.11712 IR (NaCl):\tilde\nu= 1570 (w), 1501-1526 (s), 

1452-1487 (w), 1441-1379 (b,s), 1167-1316 (b,s), 1043 (s), 739 (s) 

5.2.8. Potassium 3-((Z)-2-((E)-(4-cyanophenyl)triaz-2-en-1-ylidene)-3-mesityl-2,3-

dihydro-1H-imidazol-1-yl)propane-1-sulfonate (115) 
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To a slurry of 3-(1-mesityl-1H-imidazol-3-ium-3-yl) propane-1-sulfonate (0.64 mmol, 200 

mg) in dry THF (6 mL), in a -78 degree bath, p-cyano phenyl azide107 (93 mg) was added. 

In one portion, 1.3 equivalents KO-t-Bu (96 mg) was added to the reaction vessel and the 

resulting mixture was stirred under argon for 16 h slowly warming to room temperature. 

The mixture was filtered and solvent was removed and the residue recrystallized 

DCM/Hexane system to give yellow solid (214 mg, 77%). 1H NMR (500 MHz, (CD3)2SO) 

δ 7.46 (1H, d, J = 2.5 Hz), 7.45 – 7.43 (2H, m), 7.07 – 7.05 (2H, m), 7.01 (1H, d, J = 2.4 

Hz), 4.14 (2H, t, J = 7.1 Hz), 2.52 – 2.48 (3.82 H, m, overlapped with (CD3)2SO), 2.36 

(3H, s), 2.10 (2H, m), 1.94 (6H, s); (500 MHz, 10% D2O in H2O) δ 7.28 (2H, d, J = 7.0 

Hz), 7.16 (1H, s), 6.85 (2H, s), 6.62 (1H, s), 6.39 (2H, d, J = 7.1 Hz), 2.87 (2H, dd, J = 6.1, 

9.0 Hz), 2.15 (7H, m), 1.79 (6H, s); 13C NMR (125 MHz, (CD3)2SO) δ 156.3, 150.4, 138.4, 

135.7, 134.2, 132.9, 129.5, 121.2, 120.0, 118.4, 118.1, 106.1, 48.5, 45.4, 26.0, 21.1, 17.8. 

HRMS calculated for C22H23N6O3S [M-K+]: 451.1552, found 451.1569. 

5.2.9. Potassium 3-((E)-2-((E)-(4-chlorophenyl)triaz-2-en-1-ylidene)-3-mesityl-2,3-

dihydro-1H-imidazol-1-yl)propane-1-sulfonate (113) 
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To a slurry of 3-(1-mesityl-1H-imidazol-3-ium-3-yl) propane-1-sulfonate (0.26 mmol, 81 

mg) in dry THF (6 mL), a 1M solution of p-chloro phenyl azide107 in THF (0.26 mmol, 

0.26 mL) was added. In one portion, 1.3 equivalents KOt-Bu (0.34 mmol, 39 mg) was 

added to the reaction vessel and the resulting mixture was stirred under argon for 3 hours. 

Hexanes (1 mL) were then added and the reaction mixture was filtered to collect the filtrate. 

Solvent was removed and the residue taken up in a minimal amount of DCM and on 

trituration with hexanes, pure product was obtained by filtration as a yellow powder (131 

mg, 62 %). 1H NMR (500 MHz, (CD3)2SO) δ 7.26 (d, J = 2.5 Hz, 1H), 7.08 – 7.03 (m, 4H), 

6.72 (d, J = 2.4 Hz, 1H), 6.48 – 6.44 (m, 2H), 4.24 (t, J = 7.0 Hz, 2H), 2.98 – 2.91 (m, 2H), 

2.39 – 2.30 (m, 6H), 2.01 (s, 6H). 13C NMR (126 MHz, (CD3)2SO) δ 151.17, 150.87, 

138.10, 136.03, 134.27, 129.36, 129.01, 128.50, 122.26, 117.82, 117.51, 48.49, 45.12, 

25.83, 21.05, 17.90. HRMS C21H23KClN5O3S [M+K-] 460.1217 

5.2.10. Potassium 3-((E)-3-mesityl-2-((E)-(4-(trifluoromethyl)phenyl)triaz-2-en-1-

ylidene)-2,3-dihydro-1H-imidazol-1-yl)propane-1-sulfonate (114) 

 

 

To a slurry of 3-(1-mesityl-1H-imidazol-3-ium-3-yl) propane-1-sulfonate (0.32 mmol, 100 

mg) in dry THF (6 mL), a 1M solution of p-trifluoro phenyl azide in THF (0.32 mmol, 0.32 

mL) was added. In one portion, 1.3 equivalents KOt-Bu (0.42 mmol, 48 mg) was added to 

the reaction vessel and the resulting mixture was stirred under argon for 3 hours. The 

reaction mixture was filtered to collect the filtrate. Solvent was removed and the residue 
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taken up in a minimal amount of DCM and on trituration with hexanes, pure product was 

obtained by filtration as a yellow powder (132 mg 78%). 1H NMR (500 MHz, (CD3)2SO) 

δ 7.42 (d, J = 2.4 Hz, 1H), 7.35 – 7.30 (m, 2H), 7.09 – 7.02 (m, 2H), 6.97 (d, J = 2.4 Hz, 

1H), 6.62 – 6.57 (m, 2H), 4.10 (t, J = 7.1 Hz, 2H), 2.48 – 2.43 (m, 2H), 2.33 (s, 3H), 2.08 

(dq, J = 9.9, 7.3 Hz, 2H), 1.94 (s, 6H). 13C NMR (125 MHz, (CD3)2SO) δ 155.16, 150.23, 

137.70, 135.34, 133.78, 128.93, 125.16, 125.12, 120.42, 117.69, 117.35, 48.01, 44.82, 

25.43, 20.51, 17.38. 

5.2.11. Potassium 3-(2-imino-3-mesityl-2, 3-dihydro-1H-imidazol-1-yl) propane-1-

sulfonate (107) 

 

 
 
1H NMR (500 MHz, MeOD, 25ºC); δ 7.21 (d, J = 2.5 Hz, 1H), 7.12 – 7.10 (m, 2H), 6.93 

(d, J = 2.5 Hz, 1H), 4.18 (t, J = 7.1 Hz, 2H), 2.87 (t, J = 6.9 Hz, 2H), 2.36 (s, 3H), 2.27 (p, 

J = 7.0 Hz, 2H), 2.08 (s, 6H). 

13C NMR (125 MHz, MeOD, 25ºC); δ 147.1, 142.3, 137.3, 130.9, 130.2, 117.9, 117.8, 

48.3, 45.7, 25.8, 21.1, 17.5. 

HRMS calculated for C15H20N3O3S [M-H]– 322.12309, measured 322.12309 

5.2.12. 4-Phenylazophenol (109) 
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1H NMR (499 MHz, CDCl3, 25ºC, TMS) δ 7.93 – 7.86 (m, 4H), 7.56 – 7.48 (m, 2H), 7.49 

– 7.42 (m, 1H), 7.01 – 6.94 (m, 2H). 13C NMR (126 MHz, CDCl3, 25ºC, TMS) δ 158.19, 

152.69, 147.21, 130.42, 129.03, 124.97, 122.56, 115.78. 

 (Matches reported spectrum) 108 

5.2.13. Methyl (S, E)-2-acetamido-3-(4-hydroxy-3- (phenyldiazenyl) 

phenyl)propanoate  (125) 

 

 

Potassium 3-(3-mesityl-2-(phenyltriaz-2-en-1-ylidene)-2, 3-dihydro-1H-imidazol-1-yl) 

propane-1-sulfonate (106) (0.050 g, 0.11 mmol 1.0 equiv) was weighed out into a flask to 

which 5.0 mL of phosphate/citrate buffer was subsequently added. The mixture was 

allowed to stir at room temperature for 15 min, after which a solution of 2-acetylamino-3-

(4-hydroxy-phenyl)-propionic acid methyl ester (0.017 g, 0.072 mmol 0.65 equiv) in 0.2 

mL DMSO was added drop wise. The mixture was stirred for 4 h after which the generated 

precipitate was filtered and washed with water (1 mL). The solid was purified by column, 

DCM/Acetone 9:1 and the desired compound obtained as a yellow solid. 1H NMR (500 

MHz, MeOD) δ 7.95 – 7.88 (m, 2H), 7.77 (d, J = 2.3 Hz, 1H), 7.60 – 7.48 (m, 3H), 7.25 

(dd, J = 8.5, 2.3 Hz, 1H), 6.96 (d, J = 8.4 Hz, 1H), 4.71 (dd, J = 8.9, 5.7 Hz, 1H), 3.72 (s, 

3H), 3.19 (dd, J = 14.0, 5.7 Hz, 1H), 3.00 (dd, J = 14.0, 8.9 Hz, 1H), 1.93 (s, 3H). 13C NMR 

(125 MHz, MeOD) δ 172.0, 171.8, 151.8, 151.1, 137.2, 133.9, 131.1, 130.7, 129.1, 128.5, 

121.9, 117.7, 53.9, 51.3, 36.1, 20.9. 
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 5.2.14. (7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)tyrosine (137) 

 

 

To a solution of (0.157 g, 0.79 mmol)  4-Chloro-7-nitrobenzofurazan in 6 ml methanol was 

added a solution of (.157g, 0.87 mmol) tyrosine in 2.5 mL water premixed with 200 mg of 

NaHCO3. This mixture was stirred at 55 oC for 1 h. A color change was observed from an 

orange solution to purple. The reaction mixture was pumped down and the crude product 

purified by column with a DCM: Acetic acid, 9:1 system. 1H NMR (500 MHz, CH3OD-

d4) δ 8.46 – 8.36 (m, 1H), 7.09 (ddt, J = 7.6, 4.3, 2.2 Hz, 2H), 6.67 – 6.60 (m, 2H), 6.25 (s, 

1H), 4.73 (s, 1H), 3.36 (dt, J = 13.8, 4.4 Hz, 1H), 3.14 (dt, J = 14.3, 6.5 Hz, 1H). 

5.2.15. 3-((1-(3((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)propyl)-1H-1,2,3-triazol-

4-yl)methoxy) phenol (139) 

 

 

To a suspension of N-(3-azidopropyl)-7-nitrobenzo[c][1,2,5]-oxadiazol-4-amine99 (0.11 g, 

0.42 mmol, 1.5 equiv) copper iodide (0.06 g, 0.34 mmol, 1.2 equiv) and  1,1,4,7,7-

pentamethyldiethylenetriamine (0.11 mL, 0.56 mmol, 2.0 equiv), was added a THF 

solution of 3-(prop-2-yn-1-yloxy)phenol109 (0.04 g, 0.28 mmol, 1.0 equiv)  The mixture 

was stirred at room temperature for 16 h and kept under argon. The reaction mixture was 

directly purified by adsorbing onto silica and purified by column chromatography with a 
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hexane/acetone system. The compound was isolated as a red solid (94 mg, 46%). 1H NMR 

(500 MHz, (CD3)2CO) δ 8.50 (d, J = 8.7 Hz, 1H), 8.34 (s, 1H), 8.29 (s, 1H), 8.09 (s, 1H), 

7.09 – 7.04 (m, 1H), 6.52 – 6.39 (m, 4H), 5.14 (d, J = 0.8 Hz, 2H), 4.68 (t, J = 6.8 Hz, 2H), 

3.76 (s, 2H), 2.51 (p, J = 6.9 Hz, 2H). 13C NMR (125 MHz, (CD3)2CO)) δ 160.8, 159.6, 

146.2, 145.7, 145.3, 144.8, 137.9, 130.9, 124.9, 123.9, 109.2, 106.8, 103.2, 100.0, 62.6, 

48.5, 41.9, 30.7. HRMS calculated for C18H17N7O5 [M+H] + 413.2103, measured 413.2130 

5.2.16. 4-azidobenzoic acid (S.1) 

 

The azide was synthesized according to literature procedure110 substituting the starting 

amine with 4-aminobenzoic acid.  A suspension of 4-aminobenzoic acid (0.50 g, 3.6 mmol) 

in water (2.5 mL), was cooled to -5 oC and concentrated hydrochloric acid (0.90 mL) added 

slowly. A solution of sodium nitrite (0.26 g, 3.8 mmol, 0.1M), in water was added dropwise 

while stirring. The resulting solution was stirred for 30 min at -5oC. The reaction mixture 

was poured into a solution of sodium azide (0.27 g, 4.2 mmol, 0.12M) in water and ice (5 

g). A pale yellow precipitate formed immediately. The reaction mixture was left to sit 16 

h. The precipitate was isolated by filtration, washed with water and air dried to give the 

product as an off-white powder (0.50 g, 84%).  

1H NMR (500 MHz, CDCl3) δ 8.11 – 7.77 (m, 1H), 7.41 – 7.02 (m, 1H) 13C NMR (125 

MHz, CDCl3) δ 167.00, 144.40, 131.68, 127.78, 119.65. 
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5.2.17. Methyl 4-azidobenzoate (131) 

 

A solution of 4-azidobenzoic acid (S.1) (0.30 g, 1.8 mmol) in 10 mL methanol was cooled 

to 0 oC. To this solution, thionyl chloride (0.30 mL, 0.49 g, 4.1 mmol) was added dropwise. 

The reaction mixture was allowed to warm up to room temperature and stirred for 16 h. 

The solvent was removed and the residue purified by a flash column (DCM/ Acetone 9:1) 

to give the product as a yellow oil that solidifies upon standing to an off-white solid (0.31 

g, 94%). 1H NMR (500 MHz, CDCl3) δ 8.05 – 8.00 (m, 1H), 7.08 – 7.05 (m, 1H), 3.91 (s, 

1H). 13C NMR (125 MHz, CDCl3) δ 166.37, 144.85, 131.52, 126.82, 118.95, 52.29. 

5.2.18. Methyl (E)-4-((1, 3-dimesityl-1, 3-dihydro-2H-imidazol-2-ylidene) triaz-1-en-

1-yl) benzoate (132) 

 

 

The compound was synthesized based on a literature procedure by Bugarin and Co-

workers39  with a modification of the starting salt. To a stirred suspension of 1, 3-

dimesityllimidazolium chloride111 (0.2 g, 0.59 mmol) in dry THF (5.0 mL) was added 1-

azido-4-methoxy benzene (131) (0.10 g, 0.59 mmol) in one portion and the reaction 

mixture was allowed to stir at room temperature for 5 minutes.  Sodium hydride (0.025 g, 

0.62 mmol, 60% in mineral oil) was added in one portion and stirring was continued at 
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room temperature for further 16 h. Hexanes (1 mL) were then added and the reaction 

mixture was filtered through Celite. After removal of the solvent under reduced pressure 

the crude product was washed with hexanes to yield the product as a yellow powder (0.21 

g, 74%).  1H NMR (500 MHz, CDCl3) δ 7.71 – 7.67 (m, 2H), 7.00 (dd, J = 1.4, 0.7 Hz, 

4H), 6.63 (s, 2H), 6.59 – 6.56 (m, 2H), 3.86 (s, 3H), 2.38 (s, 6H), 2.16 (t, J = 0.6 Hz, 12H). 

13C NMR (125 MHz, CDCl3) δ 167.25, 155.30, 151.57, 138.92, 134.92, 133.88, 129.78, 

129.38, 126.28, 120.89, 117.25, 51.82, 21.13, 17.96. 

5.2.19. 2, 5-dioxopyrrolidin-1-yl (E)-4-((1, 3-dimesityl-1, 3-dihydro-2H-imidazol-2-

ylidene) triaz-1-en-1-yl) benzoate (134) 

 

 

 

To a solution of the methyl ester compound (132) (0.55 g, 0.11 mmol) in 5.0 mL methanolic 

potassium hydroxide. This mixture was heat to reflux and upon conversion to the potassium 

salt (5h, reaction followed by TLC, more potassium hydroxide added as required), the 

solvent was removed by rotavap to complete dryness.  The residue left was picked up in 

DCM and filtered (Eastman filter paper) to get rid of excess KOH. The filtrate was 

concentrated down to 10 mL and N-Hydroxysuccinimide (0.02 g, 0.17 mmol) and 1-Ethyl-

3-(3-dimethylaminopropyl) carbodiimide (0.03 g, 0.19 mmol) added and the mixture left 

to stir for 16 h at room temperature. The reaction mixture was washed with water (20 mL 
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*3) and the organic mixture dried with magnesium sulfate. Upon removal of solvent, 4 was 

obtained as a yellow solid (0.49 mg, 74%). 1H NMR (500 MHz, CDCl3) δ 7.80 – 7.73 (m, 

1H), 7.01 (d, J = 1.2 Hz, 2H), 6.66 (s, 1H), 6.61 – 6.57 (m, 1H), 2.87 (s, 2H), 2.37 (s, 3H), 

2.15 (s, 7H). 13C NMR (126 MHz, CDCl3) δ 169.48, 161.89, 157.03, 151.35, 139.10, 

134.83, 133.70, 130.99, 129.44, 121.20, 120.47, 117.56, 25.73, 21.16, 17.94. 

HRMS calculated for C21H23N6O5S [M-H] + 565.2559, measured 565.2558 

 

5.2.20. 2-(((4-azidobenzyl)oxy)methyl)oxirane (141) 

 

 

Epichlorohydrin (0.2 ml, 1.6 equiv.) was slowly added to an ice-cold mixture of 40% w⁄w 

aqueous sodium hydroxide (0.50 mL), 4-azido benzyl alcohol (1.6 mmol) and 

tetrabutylammonium bromide (1.5 mmol). After completion of the reaction, the mixture 

was extracted twice with diethyl ether. The combined organic phase was dried with 

magnesium sulfate, filtered and evaporated to dryness. The ether was purified by column 

chromatography on silica112 (165 mg, 42%).  1H NMR (500 MHz, CDCl3) δ 7.36 – 7.32 

(m, 2H), 7.03 – 6.98 (m, 2H), 4.61 – 4.50 (m, 2H), 3.78 (dd, J = 11.5, 2.9 Hz, 1H), 3.42 

(dd, J = 11.5, 5.9 Hz, 1H), 3.19 (ddt, J = 5.8, 4.2, 2.8 Hz, 1H), 2.81 (dd, J = 5.0, 4.1 Hz, 

1H), 2.62 (dd, J = 5.0, 2.7 Hz, 1H). 13C NMR (125 MHz, CDCl3) δ 139.51, 134.69, 129.30, 

119.03, 72.70, 70.88, 50.87, 44.27. 
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5.2.21. (E)-1,3-dimesityl-2-((4-((oxiran-2-ylmethoxy)methyl)phenyl)triaz-2-en-1-

ylidene)-2,3-dihydro-1H-imidazole (143) 

 

 
The compound was synthesized based on a literature procedure by Bugarin and Co-

workers39  with a modification of the starting salt. To a stirred suspension of 1, 3-

dimesityllimidazolium chloride111 (0.28 g, 0.81 mmol) in dry THF (5.0 mL) was added 

azide (141) (0.165 g, 0.81 mmol) in one portion and the reaction mixture was allowed to 

stir at room temperature for 5 minutes.  Sodium hydride (0.032 g, 0.85 mmol, 60% in 

mineral oil) was added in one portion and stirring was continued at room temperature for 

further for 16 h. Hexanes (1 mL) were then added and the reaction mixture was filtered 

through Celite. After removal of the solvent under reduced pressure the crude product was 

washed with hexanes to yield the product as a yellow powder (330 mg, 75% ). 1H NMR 

(500 MHz, CDCl3) δ 7.03 – 6.93 (m, 2H), 6.59 – 6.51 (m, 2H), 4.52 – 4.39 (m, 1H), 3.69 

(dd, J = 11.4, 3.2 Hz, 1H), 3.40 (dd, J = 11.4, 5.8 Hz, 1H), 2.79 (dd, J = 5.1, 4.1 Hz, 1H), 

2.60 (dd, J = 5.1, 2.7 Hz, 1H), 2.36 (s, 1H), 2.17 (t, J = 0.6 Hz, 2H). 13C NMR (125 MHz, 

CDCl3) δ 151.56, 151.00, 138.46, 134.93, 134.58, 134.04, 129.17, 127.71, 121.24, 116.68, 

73.18, 70.38, 61.90, 50.78, 44.28, 21.00, 17.89. 

5.2.22. Sodium 3-((Z)-3-mesityl-2-((E)-(4-((oxiran-2 

ylmethoxy)methyl)phenyl)triaz-2-en-1-ylidene)-2,3-dihydro-1H-imidazol-1-

yl)propane-1-sulfonate (147) 
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General procedure A was followed with minor modification .To a slurry of 3-(1-mesityl-

1H-imidazol-3-ium-3-yl) propane-1-sulfonate (104) (0.10 g, 0.32 mmol 1 equiv) in dry 

THF (3 mL), was added azide 141 in THF (0.067 mg, 1 equiv). To the solution was added 

NaH (0.012 g, 1.3 equiv) in one portion and the resulting mixture was stirred under argon 

for 24 hours, at room temperature. The reaction mixture was gravity filtered, and the 

solvent removed from the recovered filtrate to give a yellow residue. The residue was taken 

up in a minimal amount of DCM and on trituration with hexanes, pure product was obtained 

by filtration as a yellow powder (43 mg, 26%). 1H NMR (400 MHz, (CD3)2SO) δ 7.31 (d, 

J = 2.4 Hz, 1H), 7.07 – 7.03 (m, 1H), 7.02 – 6.98 (m, 1H), 6.85 (d, J = 2.4 Hz, 1H), 6.50 – 

6.45 (m, 1H), 4.08 (t, J = 7.1 Hz, 1H), 3.70 (dd, J = 11.4, 2.7 Hz, 1H), 3.27 (dd, J = 11.5, 

6.3 Hz, 1H), 3.13 (ddt, J = 6.3, 4.2, 2.7 Hz, 1H), 2.74 (dd, J = 5.2, 4.2 Hz, 1H), 2.56 (dd, J 

= 5.1, 2.7 Hz, 1H), 2.50 – 2.46 (m, 1H), 2.08 (p, J = 7.1 Hz, 1H), 1.96 (s, 1H). 

5.2.23. Hexyl azide (149) 

 

 

 

A flask was loaded with of hexyl bromide (0.5 mL, 3.56 mmol), in 5 mL of DMF.  Sodium 

iodide (.533 g, 3.56mmol) and sodium azide (.4628 g, 7.12 mmol) were subsequently 

added. The reaction vessel was allowed to stir at 60 oC for 48 hours. The reaction mixture 
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was allowed to cool, and was poured into ~20 mL of saturated lithium chloride solution. 

The aqueous solution was extracted once with 40 mL of ether, the organic layer was 

separated and washed once with brine. The organic layer was dried with magnesium 

sulfate, and concentrated under reduced pressure to obtain hexyl azide (0.324 g, 71 %). 1H 

NMR (400 MHz, CDCl3) δ 3.26 (t, J = 7.0 Hz, 2H), 1.67 – 1.54 (m, 2 H), 1.45 – 1.25 (m, 

6H), 0.94 – 0.87 (m, 3H).13C NMR (100 MHz, CDCl3) δ 51.49, 31.33, 28.80, 26.39, 22.51, 

13.96. 

5.2.24. (E)-1, 3-diethyl-2-(hexyltriaz-2-en-1-ylidene)-2, 3-dihydro-1H-imidazole (152) 

 
 

To a  slurry of 1,3-diethyl-1-H-imidazol-3-ium bromide (0.191 g, 0.93 mmol, 1.2 equiv) in 

dry THF (6 mL), was added a solution of hexyl azide (149) (0.78 mL, 0.78 mmol, 1 equiv). 

To this solution, KO-t-Bu (0.104 g, 0.93 mmol, 1.0 equiv) was added in one portion and 

the resulting mixture was stirred under argon for 4 hours, at room temperature. Hexanes (1 

mL) was then added and the reaction mixture was filtered over celite. The solution was 

pumped down and product isolated as a yellow-orange oil (64 mg, 81%). 1H NMR (400 

MHz, CDCl3-d) δ 6.35 (s, 1H), 4.01 (q, J = 7.2 Hz, 3H), 3.63 (t, J = 7.2 Hz, 1H), 1.82 – 

1.64 (m, 1H), 1.49 – 1.18 (m, 9H), 0.95 – 0.82 (m, 2H). 13C NMR (125 MHz, CDCl3) δ 

152.01, 61.49, 42.88, 32.21, 31.60, 29.53, 27.77, 23.04, 15.41, 14.49. 
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5.2.25. 2-((E)-((1r, 4r)-4-(tert-butyl) cyclohexyl) triaz-2-en-1-ylidene)-1, 3-diethyl-2, 

3-dihydro-1H-imidazole (167) 

 

 
 

To a slurry of 1,3-diethyl-1-H-imidazol-3-ium bromide (0.178 g, 0.87 mmol, 1.2 equiv) in 

dry THF (6 mL), was added a solution of cis-1-azido-4-(tert-butyl)cyclohexane (166, 0.12 

g, 0.63 mmol, 1 equiv). To this solution, KO-t-Bu (0.10 g, 0.87 mmol, 1.2 equiv) was added 

in one portion and the resulting mixture was stirred under argon for 4 hours, at room 

temperature. Hexanes (1 mL) was then added and the reaction mixture was filtered over 

celite (wash with THF). The solution was pumped down and product isolated as low 

melting yellow solid (0.167 g, 86%) 1H NMR (400 MHz, CDCl3) δ 4.05 (q, J = 7.2 Hz, 

1H), 3.59 (q, J = 3.1 Hz, 1H), 2.04 (d, J = 10.8 Hz, 1H), 1.75 – 1.54 (m, 2H), 1.36 (t, J = 

7.2 Hz, 2H), 1.27 – 1.04 (m, 1H), 0.95 – 0.81 (m, 3H). 13C NMR (101 MHz, CDCl3) δ 

114.42, 63.60, 49.32, 43.00, 33.20, 32.71, 30.79, 28.22, 23.32, 15.56. 

5.2.26. 2-((E)-((1s, 4s)-4-(tert-butyl) cyclohexyl) triaz-2-en-1-ylidene)-1, 3-diethyl-2, 

3-dihydro-1H-imidazole (170) 
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To a slurry of 1,3-diethyl-1-H-imidazol-3-ium bromide (0.158 g, 0.77 mmol, 1.2 equiv) in 

dry THF (6 mL), was added a solution of trans-1-azido-4-(tert-butyl)cyclohexane (169) 

(0.118 g, 0.63 mmol, 1 equiv). To this solution, KO-t-Bu (0.10 g, 0.87 mmol, 1.2 equiv) 

was added in one portion and the resulting mixture was stirred under argon for 4 hours, at 

room temperature. Hexanes (1 mL) was then added and the reaction mixture was filtered 

over celite (wash with THF). The solution was pumped down and product isolated as low 

melting yellow solid (70 mg, 35%). 1H NMR (400 MHz, CDCl3) δ 6.34 (s, 1H), 4.01 (q, J 

= 7.2 Hz, 2H), 3.37 – 3.22 (m, 1H), 1.92 – 1.80 (m, 4H), 1.61 (d, J = 11.9 Hz, 1H), 1.33 (t, 

J = 7.2 Hz, 4H), 1.23 – 1.01 (m, 2H), 0.89 – 0.84 (m, 7H). 13C NMR (101 MHz, CDCl3) δ 

151.71, 113.94, 68.48, 67.97, 47.38, 42.53, 33.40, 32.62, 32.43, 32.17, 31.24, 30.32, 27.64, 

27.53, 27.47, 26.02, 25.88, 25.61, 20.90, 15.08. 

5.2.27. 2-(tert-butyldimethylsilyl)-1, 3-dimethyl-1H-imidazol-3-ium iodide (176) 

 

To a slurry of 2-(tert-butyldimethylsilyl)-1-methyl-1H-imidazole113 (1.3 g, 6.8 mmol, 1.0 

equiv) in dry toluene (6 mL), was added methyl iodide (1.5 g, 10.2 mmol, and 1.5 equiv) 

and the mixture allowed to stir at 70 oC for 12 h at room temperature. A precipitate was 

observed, which was filtered off and washed with anhydrous diethyl ether, dried in a 

vacuum oven to yield the desired compound as an off-white powder (1.8 g, 80%). 1H NMR 

(500 MHz, CDCl3) δ 7.87 (s, 2H), 4.07 (s, 6H), 1.00 (s, 9H), 0.71 (s, 6H). 13C NMR (125 

MHz, CDCl3) δ 148.69, 127.11, 39.45, 26.46, 19.31, -2.64 
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5.2.28. Triazabutadiene 89 synthesis through fluoride generated carbene 

 

 

 

To a solution of 2-(tert-butyldimethylsilyl)-1, 3-dimethyl-1H-imidazol-3-ium iodide (176), 

(0.125 g, 0.37 mmol), and phenyl azide (0.25 mL, 0.25 mmol, 1M THF) in acetonitrile (3.0 

mL), was added an excess of cesium fluoride (0.5 g, 3.5 mmol, and the mixture stirred for 

16 h. The reaction mixture was filtered, and upon removal of solvent, the residue was 

washed with ether and the filtrated collected. Upon removal of ether solvent, the 

triazabutadiene was isolated as a yellow solid  (0.32 g, 60%). 

 

5.3. NMR in 1:1 MeOD: D2O  

 

5.3.1. Potassium 3-(3-mesityl-2-(phenyltriaz-2-en-1-ylidene)-2, 3-dihydro-1H-

imidazol-1-yl) propane-1-sulfonate (106) 

 

NMR in 1:1 MeOD:D2O  1H NMR (500 MHz, MeOD, 25ºC) δ 7.22 (d, J = 2.5 Hz, 1H), 

7.13 – 7.04 (m, 3H), 7.03 (d, J = 1.0 Hz, 2H), 6.68 (d, J = 2.5 Hz, 1H), 6.52 – 6.49 (m, 

2H), 4.21 (t, J = 7.0 Hz, 2H), 2.96 – 2.91 (m, 2H), 2.36 (s, 3H), 2.34 – 2.28 (m, 2H), 1.99 

(s, 6H). 

NMR in 9:1 H2O:D2O 1H NMR (500 MHz, D2O, 25ºC) δ 6.96 (d, J = 2.5 Hz, 1H), 6.88 

(t, J = 7.7 Hz, 2H), 6.78 (t, J = 7.3 Hz, 1H), 6.63 (s, 2H), 6.37 – 6.30 (m, 2H), 6.19 (d, J = 
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2.5 Hz, 1H), 3.99 (t, J = 7.1 Hz, 2H), 2.85 – 2.80 (m, 2H), 2.18 – 2.10 (m, 2H), 2.07 (s, 

3H), 1.67 (s, 6H). 

5.3.2. Potassium 3-((Z)-3-mesityl-2-((E)-(4-methoxyphenyl) triaz-2-en-1-ylidene)-2, 

3-dihydro-1H-imidazol-1-yl) propane-1-sulfonate (110) 

 

NMR in 1:1 MeOD: D2O 1H NMR (500 MHz, MeOD, 25ºC) δ 7.17 (d, J = 2.4 Hz, 1H), 

7.02 (dd, J = 1.4, 0.7 Hz, 2H), 6.69 – 6.65 (m, 2H), 6.64 (d, J = 2.4 Hz, 1H), 6.50 – 6.45 

(m, 2H), 4.18 (t, J = 7.0 Hz, 2H), 3.76 (d, J = 1.9 Hz, 3H), 2.96 – 2.91 (m, 2H), 2.35 (s, 

3H), 2.33 – 2.27 (m, 2H), 1.99 (s, 6H). 

NMR in 9:1 H2O:D2O 1H NMR (500 MHz, D2O, 25ºC) δ 6.97 (d, J = 2.4 Hz, 1H), 6.59 

(s, 2H), 6.49 – 6.45 (m, 2H), 6.38 – 6.33 (m, 2H), 6.08 (d, J = 2.4 Hz, 1H), 4.03 (t, J = 

7.1 Hz, 2H), 3.45 (s, 3H) 2.98 – 2.88 (m, 2H), 2.21 (m, 2H), 2.09 (s, 3H), 1.70 (s, 6H). 

5.3.3. Potassium 3-((Z)-3-mesityl-2-((E)-(4-nitrophenyl) triaz-2-en-1-ylidene)-2, 3-

dihydro-1H-imidazol-1-yl) propane-1-sulfonate (111) 

NMR in 1:1 MeOD: D2O  1H NMR (500 MHz, MeOD, 25ºC); δ 7.93 – 7.89 (m, 2H), 

7.36 (dd, J = 2.5, 0.7 Hz, 1H), 7.07 (d, J = 1.0 Hz, 2H), 6.84 (dd, J = 2.4, 0.7 Hz, 1H), 

6.56 (dd, J = 8.4, 1.4 Hz, 2H), 4.30 (t, J = 7.0 Hz, 2H), 2.96 – 2.92 (m, 2H), 2.37 (s, 3H), 

2.36 – 2.29 (m, 2H), 1.99 (s, 6H).13C NMR (125 MHz, MeOD, 25ºC); δ 157.8, 150.7, 

144.8, 140.1, 136.0, 135.1, 130.2, 125.2, 121.2, 119.7, 118.8, 48.9, 45.7, 25.8, 21.1, 17.8. 

After addition of 0.1 mL of 1.07 M formic acid solution in D2O: 

1H NMR (500 MHz, MeOD, 25ºC); δ 8.44 (s, 1H), 8.00 – 7.95 (m, 2H), 7.64 (d, J = 2.3 

Hz, 1H), 7.19 (dd, J = 2.3, 1.0 Hz, 1H), 6.62 – 6.58 (m, 2H), 4.46 (t, J = 7.1 Hz, 2H), 

2.96 (dd, J = 8.3, 6.6 Hz, 2H), 2.42 – 2.37 (m, 2H), 2.36 (s, 3H), 1.98 (s, 7H). 

13C NMR (125 MHz, MeOD, 25ºC); δ 170.2, 149.9, 147.0, 145.4, 141.2, 135.1, 134.5, 

130.5, 125.8, 122.0, 121.1, 118.7, 48.8, 46.9, 26.2, 21.1, 17.6. 
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5.3.4. Potassium 3-((E)-3-mesityl-2-((E)-(3-nitrophenyl)triaz-2-en-1-ylidene)-2,3-

dihydro-1H-imidazol-1-yl)propane-1-sulfonate (116) 

NMR in 1:1 MeOD:D2O  

1H NMR (500 MHz, MeOD, 25ºC); δ 7.84 (m, 1H), 7.38 – 7.28 (m, 3H), 7.04 – 6.96 (m, 

3H), 6.78 – 6.74 (m, 1H), 4.26 (t, J = 7.0 Hz, 2H), 2.97 – 2.92 (m, 2H), 2.36-2.32 (m, 2H), 

2.22 (s, 3H), 2.02 (s, 6H). 

 

5.4. NOESY experiment 

 

A solution of 105 and 106 in DMSO (36 mM) was added to a quartz NMR tube and 

irradiated with the UV-LED system for 1.75 hours. NMR spectra were collected at 25 °C 

using a Bruker DRX600 spectrometer at 600.13 MHz equipped with a 5 mm Nalorac H-

C-N Z-axis gradient probe. NOESY spectra in TPPI quadrature detection mode were 

recorded with 512 real data points in the t1 dimension and 4k real data points in t2 

dimension. NOESY experiments mixing time was set to 500 ms. The spectrum width was 

5.985 ppm centered at 4.690 ppm. The number of scans was 8 and the relaxation delay was 

1 s. The chemical shifts were referenced to (CD3)2SO solvent peak (2.49 ppm). Data were 

processed using XWINNMR and analyzed with the software MestReNova. Cross peaks of 

interest were integrated according to their peak volume on NOESY spectrum.  

5.5. UV analysis of compound 106 

 

A solution of 64 μM was made by dissolving 3.0 mg of compound 106 in 10 mL of DMSO 

performing a dilution with the prepared stock solution to achieve the desired concentration. 

After obtaining a blank spectra with DMSO, 3.0mL of the solution was syringed into a 
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quartz cuvette and a baseline UV spectrum obtained. After this, the same sample was 

illuminated for 5 minute intervals, taking a spectra between every illumination interval. 

 

5.6. Triazabutadiene decomposition experiments 

5.6.1. General procedure A 

Phosphate/citrate buffer solution pH 4, 5, 6 and 7 and potassium dihydrogen 

orthophosphate/sodium hydroxide buffer pH 6, 7 and 7.4 were made to a total volume of 

9:1 mix of H2O: D2O. The assayed compounds (0.0107 mmol) were placed into an NMR 

tube to which 0.5 mL of the buffer solution was added all at once. Once ensuring complete 

solubility these reactions were inserted into an NMR instrument and scans were taken at 

even time intervals. The concentrations of starting material to the guanidine product were 

calculated based on integration of singlets from the mesityl region. At minimum each pH 

was run in triplicate. 
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5.6.2. General procedure B 

 

The assayed compound (0.0107 mmol) was placed into an NMR tube in a 1:1 mixture of 

MeOD/D2O (total volume 0.6 mL) and 0.1 mL of a 1.07 M formic acid solution in D2O 

was added all at once. The NMR tube was immediately inserted into the NMR instrument 

and scans taken at time intervals and the concentrations were calculated as above. Note: 

the data for 111 is shown in Figure 2.9 and due to the remarkably slow reaction was only 

run once. 
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APPENDIX A: REACTION RATES DATA 
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APPENDIX B: SPECTRAL DATA 
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